
Conjugate natural convection from a discrete heat
source on a conducting plate in a shallow enclosure

Item Type text; Dissertation-Reproduction (electronic)

Authors Lall, Balwant

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 26/05/2023 09:19:30

Link to Item http://hdl.handle.net/10150/289741

http://hdl.handle.net/10150/289741


INFORMATION TO USERS 

This manuscript has t)een reproduced from the microfilm master. UMI films 

the text directly from the original or copy submitted. Thus, some thesis and 

dissertation copies are in typewriter face, while others may t}e from any type of 

computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleedthrough, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author dkJ not send UMI a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be renwved, a note will indicate the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and continuing 

from left to right in equal secttons with small overlaps. 

Photographs included in the original manuscript have t)een reproduced 

xerographically in this copy. Higher quality 6" x 9* black and white 

photographic prints are available for any photographs or illustrations appearing 

in this copy for an addittonal charge. Contact UMI directly to order. 

ProQuest lnformatk>n and teaming 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 

800-521-0600 





CONJUGATE NATURAL CONVECTION FROM A DISCRETE HEAT 

SOURCE ON A CONDUCTING PLATE IN A SHALLOW ENCLOSURE 

by 

Balwant S. Lail 

Copyright © Balwant S. Lall 2001 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF AEROSPACE AND MECHANICAL ENGINEERING 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 
WITH A MAJOR IN MECHANICAL ENGINEERING 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2 0 0 1  



UMI Number; 3031399 

Copyright 2001 by 

Lall, Balwant S. 

All rights reserved. 

UMI' 
UMI MicrofonFn30 t̂399 

Copyright 2002 by Bell & Howell information and Leaming Company. 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

Bell & Howell Information and Leaming Company 
300 North Zeeb Road 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



2 

THE UNIVERSITY OF ARIZONA 0 
GRADUATE COLLEGE 

As nenbers of the Final Exanination Conmittee. we certify that we have 

read the dissertation prepared by Balwant S. Lall 

entitled Conjugate Natural Convection From a Discrete Heat Source 

on a Conducting Plate in a Shallow Enclosure 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of nnr^flr nf PhHinanphy 

Alfonso -Or 

ChoLik Chan 

Olsfierd Palusinski 

o/ 

DatT 

i>o/c/ 
Date 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify chat I have reed this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Dissertation Director Alfonso Ortega Date 



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this thesis are allowable without special permission, 
provided that accurate acknowledgement of source is made. Requests for permission for 
extended quotation fi-om or reproduction of this manuscript in whole or in part may be 
granted by the copyright holder. 

SIGNED: 



4 

ACKNOWLEGEMENTS 

I am deeply indebted to Dr. Alfonso Ortega of the University of Arizona, without whose 

invaluable guidance and support in the entire process, this work would have not been 

completed. I would also like to thank Dr. Tony Chen, Dr. Juan Heinrich, and Dr. Cholik 

Chan of the Aerospace and Mechanical Engineering Department and Dr. John Prince and 

Dr. Olgried Palusinski of the Electrical and Computer Engineering Department at the 

University of Arizona. I would like to thank Dr. Tom Balsa, the head, and Ms. Barbara 

Heefher, the graduate secretary of the Aerospace and Mechanical Engineering 

department for their support in completion of my work while working remotely off-

campus. 

In the course of the work, invaluable help was provided by Mike Oddy, Reben Werman, 

Carl Osterwich. I would also like to thank Tim Webb for improving on the flow 

visualization apparatus and producing the flow patterns used in this work. 



5 

To my parents, Satwant and Amaijit, 

my brother, Kulwant, 

and my wife, Harkamal 

I would like to remember the peaceful souls who lost their lives on September 11,2001 

at the World Trade Center in New York City 



6 

TABLE OF CONTENTS 

LIST OF FIGURES 8 

LIST OF TABLES 12 

ABSTRACT 13 

NOMENCLATURE 15 

1 INTRODUCTION 17 
1.1 Description of the Physical Problem 18 
1.2 Background and Related Works 20 
1.3 Motivation 29 
1.4 Objectives 30 
1.5 Approach 31 

2 EXPERIMENTAL SETUP 34 
2.1 Choice of Boundary Conditions 34 
2.2 Enclosure 36 
2.3 Airside Temperature Measurement 39 
2.4 Test Plates 41 

2.4.1 Balsa Wood Test Plate 41 
2.4.2 FR-4 Test Plate 43 
2.4.3 IS-CU Wood Test Plate 44 

2.5 Procedure 45 
2.5 Measurement Uncertainities 46 

2.5.1 Heat Transfer Coefficient from heat flux gage 46 
2.5.2 Heat Transfer Coefficient from heat flux gage 48 

2.6 Flow Visualization Setup 51 

3 ANALYTICAL SOLUTION 61 
3.1 Problem Description and Analysis Choice of Boundary Conditions 61 
3.2 Results and Discussion 66 

3.2.1 Equivalent Device Radius 66 
3.2.2 Effects of Device Location and Aspect Ratio 70 
3.2.3 Package Thermal Footprint 75 
3.2.4 Applicationof Superposition of Single Source Solutions 82 

3.3 Summary 83 



7 

4 NON-CONJUGATE BALSA WOOD RESULTS 97 
4.1 Plate Surface Results 97 
4.2 Airside Results 101 
4.3 Analysis for Conduction and Convection Limits 103 

5 CONJUGATE RESULTS 114 
5.1 FR-4 plate 114 

5.1.1 Plate Surface Temperatures for FR-4 114 
5.1.2 Airside Results for FR-4 117 
5.1.3 Analysis for Conduction and Convection Limits for FR-4 118 

5.2 1 S-CU plate 120 
5.2.1 Plate Surface Temperatures for 1 S-CU 120 
5.2.2 Airside Results for IS-CU 122 
5.2.3 Analysis for Conduction and Convection Limits for IS-CU 123 

5.3 Comparisons for the Three Plates and Correlations 125 
5.3.1 Thermal Footprint Correlations 126 
5.3.2 Weighted Nu and Ra Correlations 129 

5.4 Summary 133 

6 CONCLUSIONS AND RECOMMENDATIONS 157 
6.1 Conclusions 157 
6.2 Recommendations 160 

APPENDIX 161 
A. Fabrication of Micro-Thermocouples 161 
B. Calibration of heat flux gage 163 
C. Prints of Experimental Apparatus 165 
D. FEA model for Three-dimensional Conduction 173 

REFERENCES 175 



a 

LIST OF FIGURES 

Figure 1.1a Description of general enclosure geometry; side view 33 
Figure 1.1b Description of general enclosure geometry; planform view 33 

Figure 2.1 Components of experimental setup 54 
Figure 2.2 Details of the Enclosure (with top and bottom cold plates removed) 54 
Figure 2.3 Details of the Traverse mechanism for airside temperature measurements ....55 
Figure 2.4 Photograph of the enclosure, showing the airside temperature measurement 
traverse 55 
Figure 2.5 Details of the instrumented Balsa Wood board: (a) planform layout; (b) heat 
source cross-section. All dimensions are in inches 56 
Figure 2.6 Details of the instrumented FR-4 board: (a) planform layout; (b) heat source 
cross-section. All dimensions are in inches 57 
Figure 2.7 Details of the instrumented 1S-CU board: (a) planform layout; (b) heat source 
cross-section. All dimensions are in inches 58 
Figure 2.8 Photograph of the experimental setup, including data acquisition unit and 
power supply 59 
Figure 2.9 Schematic of experimental setup for flow visualization 60 

Figure 3.1 Schematic of board with a heat dissipating component 86 
Figure 3.2 Comparison of analytical results with finite element results for a radial fin...86 
Figure 3.3 Schematic of the Equivalent device radius 87 
Figure 3.4 Comparison of Analytical solution for a radial fln using both the equivalent 
radii approaches with finite element results for a I in x 1 in source powered at 1W on a 
12in X 12in conducting board 87 
Figure 3.5 Schematic of various device locations on the board 88 
Figure 3.6 Comparison of temperamre profiles from analytical solution and FEA results 
for a centrally located lin x lin square device powered at 1W. k = 0.2 and 2.0 W/m-K..88 
Figure 3.7 Comparison of temperature profiles fi*om analytical solution and FEA results 
for a comer located lin x lin square device powered at 0.25W. k = 0.2 and 2.0 W/m-K 89 
Figure 3.8 Comparison of temperature profiles firom analytical solution and FEA results 
for an edge located lin x lin square device powered at 0.5W. k = 0.2 and 2.0 W/m-K ..89 
Figure 3.9 Comparison of maximum temperature fi-om analytical solution and FEA for a 
centrally located rectangular source (IW) of area 1 in^ and different aspect ratios 90 
Figure 3.10 Comparison of maximum temperature from analytical solution and FEA for 
a comer located rectangular source (0.25W) of area 1 in" and different aspect ratios 90 
Figure 3.11 Comparison of maximum temperature from analytical solution and FEA for 
an edge located rectangular source (0.5 W) of area 1 in2 and different aspect ratios 91 
Figure 3.12 Variation of 0/[t^/Bi] parametric on m 91 
Figure 3.13 Variation of 0/0max withmr^ parametric on m 92 
Figure 3.14 Variation of 0/0max with r"*" parametric on m 92 



9 

Figure 3.15 Schematic of Footprim Radius based on tangent at inflexion point 93 
Figure 3.16 Dependence of rc^ on m parameter 93 
Figure 3.17 Dependence of ©max on t^/Bi parametric on m 94 
Figure 3.18 Dependence of 9f on t'*'/Bi parametric on m 94 
Figure 3.20 Dependence of f(m) and g(m) on m parameter 95 
Figure 3.21 Schematic of two components powered simultaneously 95 
Figure 3.22 Comparison of Experimental, Finite Element and Superposition Analytical 
Solutions for two sources. Pi = 0.498W, P2 = 0.25 IW 96 

Figure 4.1. Surface Temperature Profile for Balsa Wood at H/L = 1 106 
Figure 4.2. Surface Temperature Profile for Balsa Wood at H/L = 2 106 
Figure 4.3. Surface Temperature Profile for Balsa Wood at H/L = 4 107 
Figure 4.4. Surface Temperature Profile for Balsa Wood at H/L = 8 107 
Figure 4.5. Surface Temperature Profile for Balsa Wood at H/L = 12 108 
Figure 4.6. Dependence of source-averaged Gja on H/L for Balsa Wood parametric on 
source power 108 
Figure 4.7. Variation of source-averaged heat transfer coefficient (measured with heat 
flux gage) on H/L for Balsa Wood parametric on source power Q 109 
Figure 4.8. Airside temperatures for Balsa wood for H/L = 1,4,12 with source power 
of 0.42W 109 
Figure 4.9. Airside h(x) for Balsa Wood parametric on H/L with source power of 
0.42 W 110 
Figure 4.10. Airside h(x)/h(source) for Balsa Wood parametric on H/L with source 
power of 0.42W 110 
Figure 4.11. Dependence of source-averaged NUH (based on heat flux gage 
measurements) on Ran for Balsa Wood parametric on H/L (log scale) 111 
Figure 4.12. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for Balsa Wood parametric on H/L (linear scale) Ill 
Figure 4.13. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for Balsa Wood parametric on H/L (log scale) 112 
Figure 4.14. Dependence of source-averaged NUL (based on airside measurements) on 
Rat for Balsa Wood parametric on H/L (log scale) 112 
Figure 4.15 Qualitative Flow Patterns for varying H/L values using a incense smoke in 
the flow visualization setup 113 

Figure 5.1. Surface Temperature Profile for FR4 at H/L = 1 135 
Figure 5.2. Surface Temperature Profile for FR4 at H/L = 2 135 
Figure 5.3. Surface Temperature Profile for FR4 at H/L = 4 136 
Figure 5.4. Surface Temperature Profile for FR4 at H/L = 8 136 
Figure 5.5. Surface Temperature Profile for FR4 at H/L = 12 137 
Figure 5.6. Dependence of source-averaged Gja on H/L for FR4 parametric on source 
power 137 
Figure 5.7. Variation of source-averaged heat transfer coefficient (measured with heat 
flux gage) on H/L for FR-4 parametric on source power Q 138 



10 

Figure 5.8. Airside temperatures for FR4 for H/L =1,4, 12 with source at 0.6W 138 
Figure 5.9. Airside h(x) for FR4 parametric on H/L with source power of 0.6W 139 
Figure 5.10. Airside h(x)/h(source) for FR4 parametric on H/L with source power of 
0.6W 139 
Figure 5.11. Dependence of source-averaged NUH (based on heat flux gage 
measurements) on Ran for FR-4 parametric on H/L (log scale) 140 
Figure 5.12. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for FR-4 parametric on H/L (linear scale) 140 
Figure 5.13. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for FR-4 parametric on H/L (log scale) 141 
Figure 5.14. Dependence of source-averaged NUL (based on airside measurements) on 
RaL for FR-4 parametric on H/L (logscale) 141 
Figure 5.15. Surface Temperature Profile for IS-CU at H/L = 1 142 
Figure 5.16. Surface Temperature Profile for IS-CU at H/L =2 142 
Figure 5.17. Surface Temperature Profile for 1S-CU at H/L = 4 143 
Figure 5.18. Surface Temperature Profile for IS-CU at H/L = 8 143 
Figure 5.19. Surface Temperature Profile for IS-CU at H/L = 12 144 
Figure 5.20. Dependence of source-averaged Gja on H/L for IS-CU parametric on source 
power 144 
Figure 5.21. Variation of source-averaged heat transfer coefficient (measured with heat 
flux gage) on H/L for IS-CU parametric on source power Q 145 
Figure 5.22. Airside temperatures for IS-CU for H/L = 1,4, 12 with source at 4.8W .145 
Figure 5.23. Airside h(x) for IS-CU parametric on H/L with source power of 4.8W ...146 
Figure 5.24. Airside h(x)/h(source) for FR4 parametric on H/L with source power of 
4.8 W 146 
Figure 5.25. Dependence of source-averaged NUH (based on heat flux gage 
measurements) on Ran for IS-CU parametric on H/L (log scale) 147 
Figure 5.26. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for IS-CU parametric on H/L (linear scale) 147 
Figure 5.27. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for IS-CU parametric on H/L (log scale) 148 
Figure 5.28. Dependence of source-averaged NUL (based on airside measurements) on 
Rat for IS-CU parametric on H/L (logscale) 148 
Fig. 5.29. Dependence of NUL VS Rat for boards with various thermal conductivities 
(Balsa. FR-4, IS-CU) parametric on H/L (log scale). (Hollow Symbols: H/L = 0.25, 
Solid Symbols: H/L = 12) 149 
Figure 5.30. Dependence of Nurf(based on airside measurements) on Rarf for Balsa 
Wood parametric on H/L (log scale) 149 
Figure 5.31. Dependence of NUrf (based on airside measurements) on Rarf for FR-4 
parametric on H/L (log scale) 150 
Figure 5.32. Dependence of Nurf (based on airside measurements) on Rarf for IS-CU 
parametric on H/L (log scale) 150 
Figure 5.33. Variation of Nurfas a function of Rarf parametric on board conductivity 
(hollow symbols: H/L = 0.25, solid symbols: H/L = 12) 151 



IL 

Figure 5.34. Dependence of source-averaged NUL on RaL*= RaL.(L/H) for Balsa 
paramemc on H/L 151 
Figure 5.35. Dependence of source-averaged NUL on RaL*= RaL.(L/H) for FR-4 
parametric on H/L 152 
Figure 5.36. Dependence of source-averaged NUL on RaL*= RaL.(L/H) for 1S-CU 
parametric on H/L 152 
Figure 5.37. Variation of (NUL -NU3D)'''b/H as a function of Ran parametric on board 
conductivity and H/b 153 
Figure 5.38. Variation of (NUL -Nu3D)*b/H*(ks/kf)'° " as a function of Ran parametric 
on board conductivity and H/L 153 
Figure 5.39. Dependence of source-averaged NUL* on RaH* parametric on H/L for Balsa 
Wood 154 
Figure 5.40. Dependence of source-averaged NUL* on Ran* parametric on H/L for 
FR-4 154 
Figure 5.41. Dependence of source-averaged NUL* on Ran* parametric on H/L for 
IS-CU 155 
Figure 5.42. Variation of source-averaged NUL* on Ran* parametric on H/L for all three 
conductivities 155 
Figure 5.43. Variation of source-averaged NUL** on Ran parametric on H/L for all three 
conductivities 156 
Figure 5.44. Variation of source-averaged NUL on Ran** parametric on H/L for all three 
conductivities 156 

Figure B. 1 Schematic of heat flux gage calibration setup 164 

Figure. C. 1 Front and back cold plates (Copper) for the enclosure 165 
Figure. C.2 Top and bottom cold plates (Copper) for the enclosure 166 
Figure. C.3 Singulated side cold plate (Copper) for enclosure 167 
Figure. C.4 Mounting Plate (Aluminum) for mounting traverse to frame 168 
Figure. C.5a Yoke (Aluminum) for mounting of drums 169 
Figure. C.5b Yoke (Aluminum) for mounting for drums: Detail of left end 170 
Figure. C.5c Yoke (Aluminum) for mounting for drums: Detail of right end 171 
Figure. C.6 Cover plate (Plexiglas) for Bottom & Top cold plates 172 

Figure. D. 1 Grid Independence for 3-Dimensional conduction simulation 174 
Figure. D. 1 Dependence of source-averaged NuL on H/L for 3-dimensional 
conduction 174 



12 

LIST OF TABLES 

Table 2.1 Thermal conductivities of the relevant materials 52 
Table 2.2 Range of parameters covered in experiments 52 
Table 2.3 Uncertainty Analysis for measurements using heat flux gage 53 
Table 2.4 Uncertainty Analysis for measurements using airside temperatures 53 

Table 3.1. Table of Parameters for analytic model 85 



ABSTRACT 

Experiments were performed to characterize the conjugate heat transfer due to a square 

flush heat source mounted at the center of a square horizontal plate in a small horizontal 

enclosure. The plate area was six times larger than the heat source area. Three different 

plates with heat source facing upwards were considered: a 2Smm balsa wood plate which 

provided a nearly adiabatic surface, a 1.57mm thick FR-4 plate with no copper, and a 

1.57mm thick FR-4 plate with a single layer of 0.036nmi thick copper cladding on source 

side. The back of the board was insulated for all cases. The experimental exploration 

included measurement of heat transfer coefficient over the heat source, plate surface 

temperature distribution and temperature distribution in the air volume above the plate. 

The heat transfer coefficients exhibited distinct behavior at high aspect ratios in which 

the dominant length scales were related to the source. At intermediate aspect ratios, 

length scales for both source and enclosure were relevant, and at small aspect ratios, a 

conduction limit was observed, which was dependent on board conductivity. The heat 

transfer coefficients at high aspect ratios exceeded by 14% the prior correlations for 

upward facing isolate plates, when the ratio of source area to perimeter was used as the 

significant length scale, and a stronger dependence than Ra'^'* was measured. Classical 

correlations for shallow differentially heated enclosure were not satisfactory in describing 

the dependence on enclosure height. With increasing board conductivity, board thermal 

spreading increased the effective source size so that the discretely heated board heat 

transfer coefficients tended towards the behavior of the classical unifoimly heated board. 

New first-order thermal design formulae were derived for determining peak temperatures 



of sources on conducting substrates, and for determining the associated thermal "zone of 

influence" or "footprint." The board heat spreading was accounted for by using its 

effective "thermal footprint" radius and correlations for conjugate heat transfer based on 

this length scale were successful in describing the behavior of the average Nusselt 

number at large enclosure heights. Some qualitative flow visualization was also 

performed and representative results are shown. 



NOMENCLATURE 

A surface area [m^] 
a source radius [m] 
b heat source width [m] 
Bi ht/k, Biot number 
g gravitational acceleration [ro/s'] 
h convective heat transfer coefficient [W/m^-K] 
H height of the enclosure [m] 
k board thermal conductivity [W/m-K] 
/ heat source length [m] 
L enclosure length or heat source length scale, A/P [m] 
m 'sjlBi /1*, fin parameter 
Nu Nusselt number, hUk 
P Perimeter [m] 
Pr Prandlt number, v/a 
q heat flux [W/m^] 
Q source power [W] 
r radial distance [m] 
r* r/a, nondimensional radial distance 
Ra Rayleigh number, gPATL^Ara 
t plate thickness [m] 
t* t/a, nondimensional thickness 
T temperature [°C] 
W board width [m] 

Greek Symbols 

a thermal di^sivity [mVs] 
P thermal expansion coefficient [K''] 
<5 Stefan-Boltzman constant [W/m^-K'*] 
V kinematic diffiisivity [mVs] 
6 dimensionless temperature 

Subscripts 

cond conduction 
conv convection 
h heated volume of enclosure 
j junction 
o enclosure walls 
r reference 
rad radiation 



surface 
dimension in x-direction 
dimension in y-direction 
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Semiconductor device technology has increased clock rates, circuit densities and 

I/O for VLSI components. Though the technology has reduced heat dissipation per gate 

through the years, the introduction of more compact circuits has led to increased power 

dissipation from the individual components. Increased electronic performance in smaller 

volumes is a packaging trend that will continue to drive the industry, seemingly 

indefinitely. 

The convergence of portable computing and mobile conmiunication, Hanneman 

(1994), has accelerated the demand for highly functional consumer electronics such as 

personal conununication devices and portable computers. Thermal design for such 

systems must account for highly confined, dense volumes and noncontrolled 

environments that introduce shock, vibration, humidity and temperature transients. 

Under such conditions, adequate cooling is essential yet is constrained by acoustic noise, 

corrosive environments, power consumption and design requirements. It is both 

impractical and unreliable to introduce forced cooling modes into small volumes of this 

type. For these reasons, the preferred cooling strategy for small portable electronics is 

passive heat rejection by combined effects of conduction in the electronics component, 

the printed circuit board, the surrounding enclosure, and thermal radiation and natural 

convection to the enclosure. As a consequence, thermal issues for operation of 

electronics in passively cooled confined enclosures have again risen to the forefront of 

thermal challenges for electronics packaging. 



1.1 Description of the Physical Problem 

Small passively cooled electronics share common features that are illustrated in 

Fig 1.1. A basic element is a thermally conducting printed circuit board on which are 

deployed an array of heat dissipating components. The dominant power dissipating 

component is typically a Quad Flat Pack (QFP), Ball Grid Array (6GA) or Chip-on-

Board (COB) package containing the CPU in most cases. Relatively large amounts of 

power can be dissipated on densely populated component boards in these enclosures. 

The board may have air volumes on both sides, and the overall orientation of the 

enclosure with respect to gravity may vary. For this smdy, the back of the board was 

insulated. 

Each electronic component occupies a thermal footprint determined by available 

board area, board conductivity, and convective-radiative heat transfer coefficient on both 

sides of the board, Lall (1994). An energy balance on the heat source of Fig. 1.1 gives 

Qamv ~Q~Qcoiul "Qrad ' (^*1) 

where Q is the total power dissipation in Watts. The maximum source temperature or 

junction temperature may be related to the power dissipation by the overall thermal 

resistance: 

r -T 
^J-r  . (1-2) 

where the temperature reference Tr may be defined as either the ambient air temperature 

or the enclosure wall temperatures. Individual rate equations (Licropera and Dewitt, 

1990) can be introduced for convection; 
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Gc«v=^,(7;-7;). (1.3) 

and gray, diffuse radiation between the source and the enclosure walls: 

izfL+JL+lz£i ' 
SjAf  AjF 

where s refers to the source, and o to the enclosure walls that can be geometrically 

veiwed by the source with view factor F. The conduction Qcond cannot be expressed 

confidently with a simple plate spreading resistance because the plate surfaces are neither 

insulated, nor isothermal, nor isoflux, the thermal conditions for which spreading 

resistances are conmionly tabulated. The local convective heat transfer coefficient on the 

source and board surface: 

will depend on the geomeuy and orientation. Because of the discrete nature of the power 

dissipation, the buoyancy-induced fluid motion will also depend on the temperature 

distribution on the plate surface, thus introducing a coupled conjugate dependency on 

board conductivity and thickness. This work presents original results from an 

experimental investigation of such a combined conjugate conduction-convection and 

radiation heat transfer, with emphasis on source-averaged heat transfer coefficient. 



1.2 Background and literature review 

Numerous studies have been performed in direct-air cooling of electronic 

components using natural convection in related goemeoies. A pioneering experimental 

investigation of the free convection flow field adjacent to horizontal, upward facing 

isothermal surfaces in water was performed by Husar and Sparrow (1968). They 

photographically studied the shape of the three-dimensional natural convection flows 

using local changes in the pH value of the fluid. For those shapes with comers, a basic 

characteristic of the convection currents was found to be the partitioning of the flow fleld. 

The flow fleld was found to partition along the horizontal symmetry line for a rectangular 

plate with no flow across a partition line. The flow accelerated inwards from the edges 

along parallel paths perpendicular to the edges, and near the center, forming a partition 

along the longitudinal symmetry line. Near the center, an upward-moving plume was 

formed. 

Krane and Phillips (1986) investigated natural convection from a horizontal 

constant heat flux surface mounted in a square planform low-aspect-ratio enclosure with 

a typical Ra of lO"^. Pressure gradients were observed to be established parallel to the 

plate due to buoyant flows. Pressure-driven flow from the edges proceeded along the 

board until it reached the diagonal where it formed a weak upward "line" plume to satisfy 

mass conservation. In the central region of the board, flow from all the four edges 

contributed to produce a strong columnar plume. Buller and Duclos (1982) developed a 

correlation from investigation of natural convection and radiation from an adiabatic flat 

plate in a rectangular enclosure. They found that the magnitude of radiation heat transfer 
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in such a situation is of the same order as convection. Torrance et al. (1969) conducted 

an experimental and numerical study on natural convection from a central hot spot on the 

bottom surface of an enclosure with a circular or rectangular planform. The Grashof 

number based on the height of the enclosure was varied from 8 x 10^ to 1 x 10'°. They 

found that flow patterns were unaffected by the walls until the rising columnar plume was 

within a few disk diameters from the wall, when velocities decreased rapidly. Their 

numerical study showed that the rate of heat transfer from the circular hot spot was 

independent of the enclosure being circular or rectangular in planform. The colunmar 

plume was found to be relatively insensitive to unsymmetrically placed walls. Myrum et 

al (1990) studied heat u-ansfer from a source mounted flush on the bottom surface of a 

top-vented enclosure and found that the height of the enclosure and vent size had 

virtually no effect on the average Nusselt number. The presence of the vented or 

unvented enclosure was found to reduce the Nusselt number when compared to 

convection in an infinite medium. 

Al-Arabi and El-Riedy (1976) performed experiments for isothermal plates facing 

upwards in air in the range of Gr.Pr from 2 x lO' to 10^. Values of average and local 

heat transfer were determined from measurement of condensate water collected from the 

back of the isothermal plate. In the laminar region,, for Gr.Pr of about 4 x 10^, and in the 

turbulent region, beyond this value of Gr.Pr, the following relations for Nusseh number 

based on plate size were obtained: 

A^M=0.70(Gr.Pr)"^ Gr.Pr <4xl( f  (1.6) 

Nu=0.l55(Gr.Pr)"^ Gr.Pr>4xl( f  (1.7) 



Comer effects were found to be negligible on the average heat transfer coefficient from 

free convection from the isothermal plates. Kitamura and Kimura (199S) experimentally 

investigated natural convective flows over upward-facing isoflux horizontal plates in the 

range of Rayleigh numbers from 10^ to lO'^. Fishenden and Saunders (1957) studied the 

free convection from horizontal plates and measured the average heat transfer 

coefficients for laminar and turbulent regimes. Chu and Hickox (1990) experimentally 

studied natural convection with a bottom strip source using a fluid with large viscosity 

variation. The average Nusselt number for the strip source was found to vary with one-

fourth power of the Rayleigh number based on enclosure height. 

Kulacki and Goldstein (1972) and Lee and Goldstein (1988) studied the stability 

of convection in a horizontal fluid layer with volumetric heat sources over a number of 

enclosure heights and orientations, respectively. Goldstein et al (1990) and Shahid and 

Goldstein (1990) performed experiments on the stability of buoyancy-driven flows of a 

high Prandtl number fluid in a horizontal enclosure with a constant heat flux bottom 

surface. An electrochemical mass transfer technique was used to investigate the 

convection rolls in the range of 3 x 10^ < < S x lO'^, where Ra is based on the height 

of the enclosure. Hamady et al (1989) and Yang et al (1987) performed numerical 

calculations of stability of tilted enclosures and investigated the regime of transition from 

multicell to unicell stractures. As the flow structures are different for the vertical and 

horizontal configuration, it is relevant here to only refer to the studies for horizontal 

configurations imless specifled. 



23 

A few numerical investigations of heat transfer and flow structures related to 

printed circuit boards in electronic enclosures have been performed. Smith e/ a/ (1991) 

studied combined conduction-natural convection-radiation heat transfer from three 

printed circuit boards mounted vertically in a tall enclosure. Radiation exchange within 

the enclosure was found to be particularly significant for large temperature differences in 

the vertical direction. Du et al (1990) studied an enclosure with isothermal boundary 

conditions and a single vertical printed circuit board with three components mounted on 

it. They found that the highest power component must be placed at the lowest position to 

obtain minimum temperature difference across the board. With radiative heat losses, the 

location of the high power component did not have as significant an effect on the heat 

transfer within the enclosure. 

Boehm and Kamyab (1977) studied the steady laminar natural convection due to 

suipwise heating on an infinite, horizontal surface. They found that stripwise heating is 

more effective than Ui:ifonn heating in natural convection in the laminar region on a 

horizontal surface, with the Nusselt numbers increasing sharply with decreasing widths of 

the heating strips. For the plate averaged Nusselt number, Incropera and Dewitt (1990) 

reconunend for the upper surface of a heated plate 

Nu^ =0.54/?flt"* . for 10* ^10' 

^ = 0.I5*at'" , for 10' ^10" (1.8b) 

(1.8a) 

and for the lower surface of a heated plate 

Nut^ =0.27/?fl^'"' , for 10^ ^10'° (1.8c) 



where the Nusselt number and Rayleigh numbers are given by 

= — and . (1.9) 
k va 

and the recommended length scale is L s A J P ,  where As is the plate area and P is its 

perimeter. Af is the average plate temperature above ambient. For a square source, L = 

b/4, where b is the length of the square's side. 

In a horizontal enclosure, buoyant motion develops as a result of the density 

variation due to fluid temperature variations from the heated plate to the cold enclosure 

walls. In the problems of Fig. 1, there are at least six relevant length scales: the heat 

source width b and length 1, the plate width W and length L, and the enclosure heights on 

the heat source side H. Most benchmark studies have been performed with heating over 

the entire plate rather than from a localize heat source. With this simplification, there are 

at most three relevant length scales: H, W and L, and no conjugate coupling to the board 

parameters. Further, most studies of the differentially heated enclosure assume that H/W 

are low enough that the effects of W and L are insignificant, leaving only dependence on 

H. 

Among the earliest correlations is that of Globe and Dropkin (1959) who 

proposed the following for natural convection in water, silicon oil, and mercury between 

two horizontal circular plates at low H/D and with the lower plate at a higher temperature 

than the upper plate: 

^ = 0.069^fl„"'Pr'""* , 3x10^ ^Ra„ ^7x10' , (1.10) 
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The H/D were considered to be low enough that the sidewalls had no influence on the 

results; the sidewalls were uncooled Plexiglas or glass walls. Although the experiment 

was performed in water, Eqn. 1.10 compares reasonably well with similar experiments in 

air. Ortega and Lall (1998) investigated the effects of shallow enclosure heat transfer 

from a discrete source convecting to both top and bottom sides limited to a single thermal 

conductivity value of the plate. The present work delivers the heat transfer mechanisms 

for variations in plate thermal conductivity including the transition to three-dimensional 

thermal conduction limit. 

The analysis of the temperature field in a printed circuit board due to a heated 

component on its surface using a thin board "radial fin" approach has been performed in 

numerous studies. A simple analytical scheme for the analysis of the temperature field in 

a printed circuit board due to a heated component on its surface is a thin board "radial 

fin" approach. The solution to the one-dimensional fin problem that results if the z-

direction gradients are neglected and if a constant conductance is taken on the surfaces, is 

presented, for example, in Kem and Kraus (1972), and in the thermal design book by 

Ellison (1989) that refers to his earlier published work, Ellison (1976). The analysis of 

Ellison (1976) models the square source as an equivalent circular source of radius a, and 

solves for the temperature field in the region r> a, where the boundary condition 

specified at rsa is the total power dissipated into the board, Q. The solution is given as: 

[Imtkta} 
(1.11) 
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where 71 is the undisturbed temperature of the convecting fluid, and is the geometric 

parameter that compares surface convection to board radial conduction. and 7/ are 

Bessel functions of zero and first order respectively. The temperature at the edge of the 

disk source, evaluated at r=a, is used by Ellison to define a board thermal resistance for 

practical comparison to the thermal resistance due to convection from the heat source 

alone, in the absence of board conduction. A similar analysis was presented by Graham 

and Witzman (1988) in order to investigate board conduction mechanisms in forced 

convection cooled boards. Their resulting model was successful in correlating the 

experimentally measured thermal resistance for packages mounted on boards, even 

though in forced convection, where the surface conductance is not uniform due to the 

directional flow. Lasance (1993) used the radial fin approach to model the performance 

of passively cooled electronic components on horizontal boards. Lasance in addition 

showed that the solution can be extended to include sources at the comer and at the edge 

of a card. Ellison (1984) used an average surface temperature rise, AT, over the ambient 

to model the following heat transfer coefficients for free convection from horizontal 

plates: 

in Watts/in~-°C, where P is the dimensional parameter for a horizontal, rectangular plate 

and is given as: P = W.L/[2(W+L)]. W and L are the width and length of the horizontal 

(6T Y" 
= 0.0018 — for an upward-facing plate (1.12a) 

for an downward-facing plate /I = 0.0009 (1.12b) 
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plate. Ellison has tabulated the most useful of the available correlations for uniformly 

heated plates in large unconstrained environments. Lasance (1994) has critiqued the 

correlations for enclosures of large aspect ratio related to consumer electronics. 

Another related area of research to the problem at hand is in fires in buildings. 

Audouin et al. (1995) studied the centerline temperatures of fires with burners of various 

planforms with video imaging of the hot air. The images of the unconflned and partially 

confmed fires show a characteristic central plume of heated air. Much of the studies on 

fires in buildings deal with discrete heat sources, however, with a vent or door connecting 

the enclosure to an adjacent one. The presence of a discrete heat source will dramatically 

affect the fluid flow in the enclosure. 

Ortega et al. (1992) performed experiments to characterize the combined 

conduction, convection and radiation heat transfer from a square source located at the 

base of a shallow enclosure. Measurements were made in both a simulated enclosure and 

an actual electronic enclosure. Liquid crystal thermography was utilized to determine the 

surface temperamres. Good agreement was obtained between experimental results and 

those from a one-dimensional fin model for the plate. 

Data and correlations for natural convection to quiescent fluid from flat plates 

either at uniform temperatures or dissipating a uniform heat flux are widely discussed in 

introductory and advanced treatments. Discrepancies between the data for the present 

discrete heat source and the classical differentially heated enclosure are to be expected, 

hi the case of a concentrated source of heat, the fluid motion will always be initiated and 

maintained at the location of the source. In that sense, the heat source will stabiUze the 
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location of the initial instabilities and perhaps decrease the potential for the chaotic 

behavior that is possible in the differentially heated enclosure. There is no doubt that the 

fluid motion, dominated by the concentrated heat source, will differ from the 

differentially heated enclosure. From a practical perspective, it will be nevertheless 

instructive to make this comparison in the coordinates suggested by the shallow enclosure 

problem, if for no other reason than to discourage the improper application of these 

classical correlations in practical problems arising in electronics thermal design. 
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1.3 Motivation 

To the author's knowledge, there is no published benchmark quality experimental 

data for natural convection in small enclosures of the type described in Fig. 1, where 

combined modes are predominant. In the absence of such data, the following questions 

arise and serve to motivate the present study: 

• How appropriate is it to use convective coefficients for the plates in an infinite media 

for small enclosures with discrete heat dissipating packages? 

• What is the effect of conjugate heat transfer due to a conducting substrate on the 

average heat transfer coefficients? 

• At what point does convection in the air give way to conduction? 

• Is there a correlation to define the thermal zone of influence or footprint for the 

source under such conditions? 

• Is it possible to obtain design correlations for source-averaged heat transfer 

coefficients that take into account coupled Iroard conduction? 



1.4 Objectives 

This research has the following objectives: 

• Provide benchmark quality experimental data for conjugate natural convection in 

shallow horizontal enclosures. 

• Explore the possible existence of a conduction limit and study the transition from 

conduction limit to convection for such geometries. 

• Determine the validity of the isolated plate correlation of Ra - Nu"'* for the 

convection-dominated limit in a shallow enclosure. 

• Provide a correlation for thermal zone of influence or footprint for the source so that 

it can be used for thermal design rules. 

• It is hypothesized that a single length scale cannot be used to characterize thermal 

behavior under such conditions. The objective is to determine the appropriate length 

scales that capture the dependence of the heat transfer for conduction and convection 

and provide correlations that can be used for future benchmark analysis. 
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1.5 Approach 

Based on the objectives of this work, experiments were designed to address these 

questions under carefully controlled thermal boundary conditions. The experiments were 

guided by uncertainty considerations such that the resulting data were of benchmark 

quality. 

Chapter 2 describes the details of the experimental setup and the determination of 

surface boundary conditions from experiments. The surface boundary conditions 

measured are the heat transfer coefficients across the conducting plate by the 

measurement of air-side temperatures. The experimental setup includes the enclosure, the 

air temperature measurement apparatus, three instramented test plates, and the flow-

visualization chamber. 

Chapter 3 illustrates the use of a simple radial fm approach to model the 

temperature profiles over the conducting plate. An unambiguous definition of the 

thermal footprint is provided and design rules are presented here for a discrete heat 

source with a specified heat transfer coefficient. However, for the problem at hand, the 

heat transfer correlations are not known from existing literature. 

Chapter 4 describes the experimental results from a discrete heat source on a non

conducting plate (Balsa Wood) with varying power and enclosure heights. The 

conduction limit is examined and transition to shallow-enclosure convection is observed. 

Chapter S describes the experimental results from a discrete heat source for two 

conducting plates - FR-4 and IS-Cu, a single-side copper cladding board. Measurements 

were made for airside temperatures and surface temperatures for varying power and 
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enclosure heights for both these boards. Shallow-enclosure convection is studied with 

relation to surface temperature measurements to determine the thermal zone of influence 

or footprint based on a fin analysis for a discrete source on a conducting plate. 

Correlations for thermal behavior for a discrete heat source on a conducting plate in a 

shallow enclosure are presented. 

Chapter 6 lists conclusions from the work, including examination of the 

hypothesis and proposed correlations. 

The appendices have details on the fabrication of the micro-thermocouples, 

calibration of the heat flux gages, prints of the enclosure and numerical results of three-

dimensional conduction and grid independence. 
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Figure 1.1a Description of general enclosure geometry; side view. 
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1 

Figure 1.1b Description of general enclosure geometry; planfrom view. 
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2. EXPERIMENTAL SETUP 

To investigate the phenomena of natural convection from a discrete heat source 

on a conducting plate in shallow enclosures, detailed experiments were performed in an 

enclosure with controlled boundary conditions. This chapter illustrates the experimental 

setup and the uncertainty analysis for the measurements. There are three major parts of 

the experimental setup; enclosure, air-temperature mechanism, and instrumented test 

plates. A novel apparatus for air-side temperature measurements of the air in the 

enclosure was designed and fabricated. The construction of each of these is addressed 

below followed by the procedure and uncertainty analysis for the measurements. 

2.1 Choice of Boundary Conditions 

In practical situations, the actual enclosure has the components mounted on a 

multilayer motherboard that is placed at a certain stand-off from the bottom of the 

enclosure. The rest of the interior of the enclosure is occupied by electronic peripherals 

for the operation of the equipment. The component and the motherboard are therefore 

exposed to the different temperatures of each of the interior surfaces of the enclosure. To 

understand the physics of conjugate natural convection/conduction/radiation in a shallow 

enclosure, it is essential to investigate the heat transfer in an enclosure with well-defined 

boundary conditions. The use of well-defined boundary conditions is also important for 

possible comparison of experimental results to solutions from a numerical fluid 

mechanics code. Results from experiments with such refined boundary conditions can 



therefore help benchmark a numerical code. The two boundary conditions for a 

conU-oUed surface are isothermal or isoflux. In general, isoflux conditions are more 

difficult to maintain experimentally. A possible alternative is an adiabatic surface, 

however, there will still be some heat loss through such a surface during the experiments. 

On the other hand, an isothermal surface such as a cold plate can have a very well-

conU:olled temperature by circulating water through a conducting wall. This 

characteristic, in addition to the ease and cost of fabrication, suggested the choice of an 

enclosure with isothermal boundary conditions on its walls. 

The discrete heat source should model a steady, uniform energy generation rate 

on the heater surface. This is easily accomplished with Joulean or resistive heating 

through a thin metallic foil heater and was the method of choice in the experiments. 



2.2 Enclosure 

There were quite a few constraints in the design of the appropriate enclosure for 

the problem. All the walls had to be isothermal, preferably cold plates with water 

flowing through them. The enclosure should be designed in a modular manner, with 

removable side walls for changing the insuiimented test board. There should be a 

provision for replacing the test board with another one with minimum disassembly of the 

enclosure. The top and bottom cold plates needed to have mechanisms for changing the 

enclosure aspect ratio on both sides. The enclosure should be such that it is possible to 

measure the air temperature in the cavity with minimal disturbance to the natural 

convection flow within the enclosure. The enclosure should be strong and rigid. The 

entire enclosure should be lightweight, and not prohibitively expensive to fabricate. 

An enclosure was designed that satisfies the above consuraints. The apparatus 

was designed to provide the thermal boundary condition of Figure 1.1, most importantly 

to provide uniform and constant wall temperature. Figure 2.1 shows the schematic of the 

experimental setup that provided a controlled environment for the natural convection-

conduction-radiation problem. The enclosure walls are 1.27cm thick copper plate with 

0.63Scm deep coolant channels milled into the outer surface and sealed by a 1.27cm thick 

Plexiglas face plate fastened to the outer surface. The ceiling and floor are similar water-

cooled plates Oust under 25.4cm square) that fit snugly between the four walls and have a 

central support that attaches to a 1/4-20 threaded rod. The threaded rod can be adjusted 

to set the volume heights on both the heated and unheated sides. An aluminum frame of 

cross-section 25.4mm x25.4mm helps make the entire enclosure modular. The front. 



back and side cold plates are attached to this aluminum frame to provide rigidity to the 

enclosure. The front and back cold plates are 177.8mm x 203.2mm in size and have a 

serpentine milled groove for water circulation. 

Two of the opposing side walls have evenly spaced 0.127nim wide vertical slits 

machined through them to allow the passage of a rake of thermocouples into the interior 

volume for air temperature measurement. The side cold plates are therefore built as a 

series of singulated cold channels that are 19mm wide and 203mm long. It takes eight 

singulated cold plates to form one complete side of the enclosure. As shown in Figure 

2.2, the flow in adjacent singulated cold channels is in opposite directions to provide 

more uniform boundary conditions along side walls of the enclosure. 

For this study, the unheated side of the board was insulated. The enclosure 

planform is 15.2 x 15.2 cm and the overall achievable internal enclosure height is 

15.2cm. All of the interior enclosure walls and the test plate surfaces were painted with 

Krylon No. 1602 black spray paint to promote diffuse gray radiant exchange with a 

known surface emissivity of 0.95. This handbook value has not been independently 

measured. The cold plate temperature was measured by at least one Type-K 

thermocouple potted in a well with the junction less than 0.5 cm from the interior surface. 

A chiller circulates water at ambient temperature through the cold plates. The cold plates 

are maintained at the outside room temperature to minimize any entry of air external to 

the enclosure through the fine slots for the airside thermocouple movement. 

The enclosure is mounted in a 90cm x 90cm x 90cm Unistrut frame that can be 

rotated about its central axis for orienting the enclosure. The entire assembly is housed in 



2Am X 2.4m x 2.4m wooden room to isolate the experiment. The wooden room is 

painted black on the inside to provide black body radiative properties and prevents any 

disturbances within the room by isolating the experiment from external drafts such as 

those from the airconditioning of the building. All the wires and water tubes run out of 

this wooden room and are connected to the chiller and the data acquisition system. All 

the instrumentation for the experiment, including the power supply, the personal 

computer and the control electronics for the air temperature traverse are located outside 

the wooden room. 



2.3 Airside Temperature Measurement 

The measurement of airside temperature involves precise movement and 

positioning of a thermocouple in directions parallel and normal to the test plate. The 

mechanism for the measurement of the airside temperature is shown in Figure 2.3. A 

12.7mm thick aluminum tooling plate 406mm x 178mm in size acts as the mount for the 

traverse mechanism that translates in the y-direction. The single axis traverse has a 

stepper motor with a threaded rod that translates the slider on rails. A yoke with a span 

of 673mm is attached to the slider. This yoke has two rods at its ends that have rotating 

100mm diameter drums mounted on them. The rods are set on thrust bearings to handle 

any axial loads on them. When in position, the hollow PVC drums are located on either 

side of the copper enclosure. The drums have fine grooves located at 19mni pitch and 

these grooves match the slots in the modular side cold plate. These grooves serve to 

guide the thermocouple as it moves within the cavity. A stepper motor attached to a 

gearhead (50:1 ratio) provides precise rotation to one of the drums which has one of the 

thermocouple wires wrapped around it as shown in Figure 2.4. The thermocouple is run 

through the enclosure and wrapped around the other drum. A light weight 

(approximately lOOgm) is attached to the free end of the thermocouple wire. This 

produces passive rotation of the second drum when the first drum rotates. Rotation of the 

drums translates the thermocouple junction in the x-direction, parallel to the test plate. 

Translation of the yoke by the traverse translates the thermocouple junction in the y-

direction. normal to the test plate. 
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There is provision for seven thermocouples to monitor the airside temperature for 

the enclosure. However, only one thermocouple will be used in this study to investigate 

the temperatures along the centerline of the conducting plate. All the components in the 

traverse mechanism were machined to minimize the weight of the apparatus due to the 

torque limitation of the z-traverse motor. 

The entire traverse mechanism is placed inside the 90cm x 90cm x 90cm frame so 

that the central groove on the drums lines up with the cendral slot in the side wall of the 

cavity and that the traverse is parallel to the plane of the plate. Prints of the components 

of the experimental setup are included in Appendix C. 



2.4 Test Plates 

Three test plates were tested: Balsa Wood, FR-4, and single-side copper clad FR-

4 (1SCU). The design of each test plate was guided by uncertainty analysis to allow 

direct measurement of the plate and heat source surface temperatures and separation of 

the conductive, convective, and radiative heat losses from the heat source with acceptable 

uncertainty. 

2.4.1 Balsa Wood Test Plate 

A detail of the first test plate is shown in Figure 2.5. The test plate is a 15.2 cm x 

15.2cm X 2.54cm thick balsa wood plate. Balsa wood's nominal thermal conductivity is 

0.55 W/m-K and its value has not been independently verified. In order to take 

measurements for the case of a discrete source on an insulated surface, conduction from 

the source to the plate needs to be minimized. This is achieved by constructing a source 

region that has a different stack-up of 1.27cm tall paper-epoxy honeycomb sandwiched 

between two layers of 0.635cm thick balsa wood. Figure 2.5 shows the cross-section of 

the source and plate areas. The honey-comb was used to minimize convective losses 

under the source. A single 2.54cni x 2.54cm square K^ton-encapsulated Nichrome foil 

heater is mounted in the source region. The serpentine pattern of the foil heater provides 

an area coverage over the heater of 93 percent. The heater leads were trimmed and 

replaced with 0.0254mm diameter insulated copper wire (magnet wire) to reduce the heat 

losses due to conduction through the heater leads. To further minimize heat loss, the 

magnet wires were routed along the edge of the heater so that the wires experience the 

least temperature gradients along their lengths. Beyond the edge of the heater, the 



magnet wires are terminated into 24AWG copper wires that are connected to a power 

supply. Power to the beater is provided by a custom constant-power precision power 

supply that is computer-controlled. To account for lead losses, the sense wires for the 

power supply are connected to magnet wire as well. A Kapton-encapsulated heat flux 

gage (RDF model No. 20457-3) is mounted under the heater. The gage is a thick-film 

multi-junction thermopile measuring the temperature difference across a precision spacer. 

The sensor has four ten-junction Type-K thermopiles connected in series to provide a 

voltage proportional to the heat transfer across the spacer. The heat flux gage was 

calibrated in a specially constracted calibration fixture (Appendix A) giving a calibration 

constant of 1.88 x 10^ W/cm^A^olt. A single 0.02S4mm diameter Type-K thermocouple 

was mounted on the top surface of the heater with a soft 3M^ adhesive and a 0.0762nun 

thick Kapton sheet was adhered to the adhesive to cover the thermocouple and present a 

smooth upper heat surface. The plate temperature distribution was measured by 27 

0.02S4nun Type-K thermocouples that were mounted to the top of the plate in a layer of 

3M adhesive that was then covered with Kapton sheet. The thermocouples were located 

at increasing distances firom the center of the plate with 11 thermocouples under the 

source and 16 thermocouples beyond the source up to a distance of 14 nmi on either side 

of the source. These locations of the thermocouples were determined by studying the 

temperature drop-off from analytical solutions and finite element simulations of the 

plate's conduction. To avoid biasing any minimal heat loss through the thermocouple 

wires towards one side, the thermocouple wires were alternated to either side, alumel-

chromel followed by chromel-alumel junctions, as shown in Figure 2.5. These fine wires 



measure approximately 64mm long and are terminated into thicker 0.076mm diameter 

(40 AWG) chromel and alumel wires, respectively. The wires are sQrain-relieved at this 

termination and passed through tiny holes near the edge of the FR-4 plate. The 40 AWG 

wires are further strain-relieved near the edge of the plate and after a 30cm length 

soldered to a 2S-pin sub-D connector. The connector pins are also alumel and chromel as 

required. Thicker wires (24 AWG) pick up the voltage signal and are terminated in a 

copper-lined wood zone box. An ice-point reference is used to measure the reference 

voltage from the zone box to the ice-point and an automated table-lookup then provides 

the actual temperatures. 

For the case with the back of the plate insulated, the volume on the backside of 

the heater surface was kept fixed at H s 7.62 cm and was filled with loose shredded paper 

insulation to provide an adiabatic condition on the backside. The entire assembly was 

painted with Krylon No. 1602 black spray paint to promote diffuse gray radiant exchange 

with a known surface emissivity of 0.95. 

2.4.2 FR-4 Test Plate 

A detail of the second test plate is shown in Fig. 2.7. The test plate is a 15.2 cm x 

15.2cm X 1.57cm thick stock FR-4 plate. FR-4 is a fiber-impregnated epoxy whose 

thermal conductivity may be anisotropic. Its nominal in plane handbook value is 0.3 

W/m-K and the out-of-plane handbook value is 0.2 W/m-K, Tummala et al (1989) and 

Pecht et al (1999). It should be noted that the in-plane value is relevant in the analytic 

model. These values are listed in Table 2.1 and have not been independently verified. 



44 

The same model of heater and heat flux gage were used here and the assembly was 

directly attached to the FR-4 surface. A cross-section of the assembly is shown in Figure 

2.6. Rest of the construction was similar to the Balsa Wood case. The plate 

thermocouples were mounted on the back of the plate to allow rework of the heater in 

case of failure. The entire assembly was painted with Krylon No. 1602 black spray paint 

(surface emissivity of 0.95). 

2.4.3 IS-CU Test Plate 

A detail of the third test plate is shown in Fig. 2.7. The test plate is a 15.2 cm x 

15.2cm X 1.57cm thick FR-4 plate with a single layer of 0.036mm thick copper clad on 

the source side. Its nominal in-plane handbook value is 8.9 W/m-K. This value has not 

been independently verified. The same model of heater and heat flux gage were used 

here and the assembly was directly attached to the copper side of the IS-CU plate. A 

cross-section of the assembly is shown in Figure 2.7. Rest of the construction was 

similar to the FR-4 case. The entire assembly was painted with Krylon No. 1602 black 

spray paint (surface emissivity of 0.95). 



2.5 Procedure 

For all of the data, a constant temperature bath (Lauda Model No. RM6-B) 

circulated water at room temperature through the cold plates. The temperature difference 

between all cold plates was always less than 0.5°C. An ice-point reference is used to 

measure the reference voltage to the zone box and an automated table-lookup then 

provides the actual temperatures for all thermocouples. 

The experiment was controlled and data acquired under the control of a laboratory 

PC (HP Vectra Basic Instrument Controller) interfaced to a multichannel thermocouple 

scanner (Fluke Model No. 2280B) and a custom designed constant power precision 

power supply to provide heater power as shown in Figure 2.8. Leadline losses were 

subtracted from the measured power dissipation. The acquisition program automatically 

set the heater power and data was acquired after a waiting period of 60 min. to allow 

steady-state conditions to be achieved. At each set point, measurements were made of 

heater power, surface thermocouple voltages, heat flux gage sense voltage, and enclosure 

temperatures. The airside temperature measurement was performed using a single 40-

gage thermocouple wire that traversed the volume along the central plane. All 

thermocouples were referred to an ice-point reference located outside of the room. 

Although the experimental apparatus was designed to allow variation of enclosure 

orientation, inclination at all possible angles, this work is limited to the horizontal case 

with insulated back and isothermal walls. Table 2.2 shows the parameters covered for the 

data presented, including power levels used for the experiments. 
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2.6 Measurement Uncertainities 

The details of the experimental setup have been described in the previous 

sections. It is important to determine the uncertainity in the calculation of quantities 

derived from experimental measurements. 

2.6.1 Heat Transfer Coefficient from heat flux gage 

From Eq. (1.3), the average heat transfer coefficient on the heat source is defined as 

h a — — ,  ( 2 . 1 )  

where the source heat loss by convection is found from Eq. (1.1). The total power Q was 

directly measured, the total heat conduction Qcond was measured by the heat flux gage, 

and the thermal radiation was modeled by Eq. (1.4). For the enclosure as designed, F = 1 

and the surfaces were treated to give Es = Eo, hence, 

Qrad , (2.2) 
l + (l-f,)^ 

Because of the high surface emissi vity and small surface area ratio Ai/Ao^ the 

denominator was nearly zero. The board temperature was deduced from the 11 local 

temperature measurements made along the source centerllne on the board. The source 

area was subdivided into discrete regions as shown in Ortega and Lall (1998), and the 

temperature in each region was taken as the measured temperature falling in that region. 
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Combining Eqns 2.1 and 2.2, the heat transfer coefficient, h, can be calculated from: 

M T s - L )  
(2.3) 

Uncertainty in the calculated value of h using heat flux gage measurements is given by: 
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where 5 refers to uncertainty in the measurement of the quantity. Propagating the 

uncertainties using Eqn. (2.4), as recommended by Moffat (1988), and using the nominal 

individual uncertainties given in Table 2.3, gives a nominal uncertainty in the average 

heat transfer coefficient of 7 percent. Table 2.3. 

It must be noted that the average heat transfer coefficient over the source does not 

capture the local variations in the thermal behavior on the source or board. Therefore, 

airside temperature measurements were undertaken. 



2.6.2 Heat Transfer Coefficient from Airside Temperatures 

The uncertainty analysis for the heat transfer coefficient calculations from the 

measurements of airside temperatures is detailed here. The airside temperature is 

measured using a welded joint of 40-gage K-type thermocouple wire suspended in the air 

volume inside the enclosure as shown in Figures 2.1 and 2.3. The position of the 

thermocouple in the y-direction is measured by counting the steps delivered to the 

traverse threaded rod of known pitch, by the precision stepper motor. The vertical 

temperature profile is used to determine the temperature gradient, which is then used to 

determine the local heat flux from the source and board areas by applying Fourier's 

conduction law. This method of local heat transfer measurement is novel and its detailed 

uncertainty analysis is included below. The first step is the measurement of the fluid 

temperature, TF, using the thermocouple. An energy balance for the single airside 

thermocouple gives; 

Qconv Qcaid Qnd ~ ® (2-5) 

The heat loss due to conduction, Qcondf and radiation Qiad, is given as: 

(2.6) 

and, = «,4)iRV(r/-r/) (2.7) 

where t is the thickness of the thermocouple wire, 1 is the length and k is its thermal 

conductivity. R is the radius of the thermocouple bead that is formed at the junction of 

the two wires. T, and To are the surface temperatures of the junction and the cold plate. 
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respectively. Eqn (2.7) assumes that the surrounding internal environment of the 

enclosure is infinitely large compared to the bead and is at a uniform temperature. To. 

The objective is to accurately sense the fluid temperature TF using the thermocouple. The 

heat loss due to convection, Qconv. is given as: 

= hfAjat^a{T,-T,) (2.8) 

where hf is substituted by the heat transfer coefficient for a sphere that is a distance y 

from the surface; 

k 

R i l~)  
2y 

From equations (2.5) through (2.9), the fluid temperature can be calculated as: 

(2.9) 

Tr 
k 

h f l  A R ^  
(7'5-7;)+^(r/-r/)+r, (2.10) 

Uncertainty in the calculated value of TF using airside thermocouple is given by: 

ST, 
far. 

A 

—-ST 
dT ' hR Bk 

Sk 

1/2 

(2.11) 

J 'J  J 
where 6 refers to uncertainty in the measurement of the quantity. 

Fluid temperatures close to the surface are measured using accurate positioning of 

the thermocouple using the vertical traverse. The temperature gradient calculated is then 

used to determine the local heat flux from the source and board areas. 
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The local heat transfer coefficient is thus calculated as: 

h — 
dy y=o. 

(2.12) 
r ly=0 o) 

where Ts is the extrapolated surface temperature based on the temperature gradient near 

the surface. The temperature gradient (dT/dy) at y=0 is calculated from three temperature 

measurements at distances y close to the surface of the conducting plate using the 

formula: 

(2.i3) 

dT 
therefore, — 

dy 
= a, (2.14) 

>-0 

and. T\^=a, (2.15) 

Propagating the uncertainties in Eqns. (2.5) through (2.15), as recommended by Moffat 

(1988), gives a nominal uncertainty in the local heat transfer coefficient measurement of 

4 percent as shown in Table 2.4. 

The local heat transfer coefficient measurements using airside temperatures are 

more accurate than the average heat transfer coefficient using a heat flux gage. Results 

from thermal measurements using this experimental setup are detailed in the following 

chapters. 



2.7 Flow Visualization Setup 

Qualitative flow visualization was performed using the apparatus shown in Figure 2.9. 

The enclosure walls were comprised of an aluminum frame with a channel formed by two 

parallel sheets of transparent glass. Water at ambient temperature was circulated through 

the walls to ensure isothermal walls. All the four side walls of the enclosure were made 

to be 100% viewable for flow visualization. The bottom plate was replaced with a balsa 

wood plate with a square source on it. There were minute pores drilled into the plate 

along periphery of the source to allow for smoke to be inU'oduced into the enclosure. The 

side walls were illuminated by a vertical sheet of light across the midpoint of the source. 

The system was allowed to reach steady state and then a slight amount of incense smoke 

was introduced into the chamber. Photographs were taken of the smoke patterns at 

different enclosure heights in order to correlate the behaviors observed in the 

measurements and characteristics exhibited in the transition from conduction limit to 

convection. 

Technical prints of the flow visualization chamber are included in Appendix C. 



Table 2.1 Thermal conductivities of the relevant materials. 

Material Direction of Heat 
Conduction 

Nominal Value 

Balsa Wood - 0.055 W/m-K 

FR-4 
In plane 0.3 W/m-K 

FR-4 
Out of plane 0.2 W/m-K 

Copper - 396 W/m-K 

IS-CU plate 
In plane 8.9 W/m-K 

IS-CU plate 
Out of plane 0.2 W/m-K 

Table 2.2 Range of parameters covered in experiments. 

Parameter Specific to Plates Range 
source size, b Same for all 2.54 cm 
Plate width, W Same for all 15.24 cm 

W/b Same for all 6.0 
Enclosure Height, H Same for all 6.25 cm - 76.2 cm 

HA) Same for all 0.25 - 3 

kpiate (in-plane) 
Balsa Wood 0.055 W/m-K 

kpiate (in-plane) FR-4 0.3W/m-K kpiate (in-plane) 
IS-CU 8.9 W/m-K 

Opiate 

Balsa Wood 25.4 mm 
Opiate FR-4 1.57 mm Opiate 

IS-CU 1.57 mm 

Q (source power) 
Balsa Wood 0.07 W-0.42 W 

Q (source power) FR-4 0.1 W-0.6 W Q (source power) 
IS-CU 0.8 W-4.8 W 



Table 2.3 Uncertainty Analysis for measurements using heat flux gage. 

Measurement Nominal Value Uncertainty 
0 0.3 W 0.2% 

Wcond 0.2 W 2.2% 
Ts,To eO'C, 20°C O.PC 

As 6.45 cm^ 0.4% 

es 0.95 2% 
Heat Transfer 
Coefficient (h) 

5 W/m-'-K 7% 

Table 2.4 Uncertainty Analysis for measurements using airside temperatures. 

Measurement Nominal Value Uncertainty 
T..TO 60°C, 20°C O.l'C 

R 0.06mm 0.01mm 
Thermal 2.8x10'W/m-K 0.5% 

conductivity, k 
Distance, y 0.625nun 0.05mm 

0.95 2% 
Air Temperature, 

TF 
45°C 3% 

Heat Transfer 5 W/m-'-K 4% 
Coefficient (h) 
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Thermocouple Enclosure 
for Airside 
Temperanire Instrumented 

Conducting Plate 
Airside 

Temperature 

Traverse 

Heater 

Wire 
Drum 

Stepper 
Motor 

Figure 2.1 Components of experimental setup 

Top Cold Plate Position Copper Cold Plate 

Plexiglas Exterior Stot for Location of 
Instnimented Plate 

A 
Slots for Ainide 
Thermocouple 
MovenMnt 8" 

Cold Water 
Circulation 

Figure 2.2 Details of the Enclosure (with top and bottom cold plates removed) 
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SiepiKr Motor for 
z-diitcdon Travd 

Traveise z-slide 

Themuooupte for 
Ainide temperaiuie Mounting Plate for 

AttKhmentio Frame 

Follower Dnim Driven Dium 

Yoke 

Weight for Maintatiiilg 
TennoninT/Cwire 

Figure 2.3 E>etails of the Traverse mechanism for airside temperature measurements. 

Figure 2.4 Photograph of the enclosure, showing the airside temperature measurement 
traverse. 
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r'x 1" Heater 

Microthermocouples 

Centerline 

Chrome! 

Alumel 

.001 <t> Microthermocouples 
.003 Kapton Sheet 

.005 Adhesive Tape 

.011 Heat Source 

.005 Adhesive Tape 

.006 Heat Flux Gage 

.003 Kapton Sheet 

.005 Adhesive Tape 

1.0 Balsa Wood 

0.25 Balsa Wood 

0.50 Tall Honeycomb 
(Paper-Epoxy) 

Fig. 2.5 Details of the instrumented Balsa Wood board: (a) planform layout; (b) heat 
source cross-section. All dimensions are in inches. 



1" X 1" Heater 

Microthermocouples 

Centerline 

Chromel 

Alumel 

.003 Kapton Sheet 

.005 Adhesive Tape 

.011 Heat Source 

.005 Adhesive Tape 

.006 Heat Rux Gage 

.005 Adhesive Tape 

.062 Plate (FR-4) 

.005 Adhesive Tape 

.003 Kapton Sheet 

.001^ Microthermocouples 

Fig. 2.6 Details of the instnimcntcd FR-4 board: (a) planform layout; (b) heat 
cross-section. All dimensions are in inches. 
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1" X 1" Heater 

Microthennocouples 

•'* Centerline 

Chiomel 

Alumel 

.001^ Microlhermocoupies 
.003 Kapion Sheet 

.005 Adhesive Tape 

.011 Heat Source 

.005 Adhesive Tape 

.006 Heat Flux Gage 

.003 Kapton Sheet 

.005 Adhesive Tape 

0.062 Single-layer Copper Board 
(FR-4 with 1 oz. Copper on top 
surface and no Soidennask) 

Fig. 2.7 Details of the instrumented IS-Cu board: (a) planform layout; (b) heat source 
cross-section. All dimensions are in inches. 



power supply. 
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Figure 2.9 Schematic of experimental setup for flow visualization. 
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3. ANALYTICAL SOLUTION 

This chapter derives a thin plate model for determining the peak temperatures of 

sources on conducting substrates, that also helps to identify the relevant parameters for 

analysis of the experimental data. In addition, the model is useful for determining the 

thermal "zone of influence" or "footprint" associated with a component. We will show 

that this is a meaningful physical length scale for the conjugate problem. A one-

dimensional thin plate radial fin approach is used with inclusion of a circular source to 

represent the heat dissipating component. Exact solutions are presented for sources at the 

center, edge, and comer of a rectangular plate. The results are compared with with both 

2-d and 3-d calculations for rectangular sources on a plate using the finite element 

method. Simple algebraic design formulae, useful for rapid estimation, are derived from 

the complete solutions by taking advantage of the asymptotic behavior at small and large 

values of the plate parameter, m. 

5.1 Problem Description and Analysis 

This section revisits a problem with a long history. Figure 3.1 shows a schematic 

of the plate with a heat dissipating component mounted on it. The modes of heat transfer 

from the component to die enclosure are conduction, natural convection in the enclosure 

and radiation exchange between the plate and the enclosure. The plate length and width 

are bx and bz respectively and board thickness is t. The source is located at (Xs,Zs) and 

source dimensions are W, and Wz. The surface conductances at top and bottom surfaces 
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are hi and h:. The reference temperatures for the combined radiative/convective 

exchange from the surfaces are given Ti and Ti, respectively. It is certainly possible that 

the reference temperature for radiative and convective transfer may be different. In this 

chapter, they are taken to be the same. From a practical standpoint, the most meaningful 

reference temperature for small enclosures, as for example in Fig. 1.1, is the temperature 

of the opposing wall. 

To determine the temperature distribution on the plate, it is necessary to solve the 

conduction heat transfer in the plate coupled with convective and radiative heat transfer 

in the enclosure. Adopting the thin plate radial fm approach, y-direction conduction is 

neglected, thereby rendering the conduction problem as one-dimensional and 

axisymmetric. The conduction problem in radial coordinates is formulated as: 

= (3.1) 
dr- r dr kt kt kt 

H(r - a) is the unit step function that has a value of 0 for r < a and 1 for r > a, where, a is 

the source radius. The plate thickness is t, thermal conductivity is k, and outer radius is 

R. Equation (3.1) is nondimensionalized using the following relations: 

0 = {T-T,)— Bi = ̂  r =- (3.2) 
qa k a a 

Resulting in: 

d-0 1 dO Bi( /i, ^ Bih., 1 / ^ \ 
\ + ̂  -1)-1) (3.3) 

dr - r dr t '  h^) t '  kt t 

with boundary conditions: 



de 
dr* 

de 
~ ' /tr* 

(»r'=lto 
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= 0 (3.4) 
»r*=0 

where the difference in reference temperatures is given by, 0, = (T2 - Ti)k/(qa) and R© = 

R/a. In the remainder of this section, we will consider only the case for which Ti = T2 

and hi = h2 = h, that is, a plate cooled equally on both sides to the same sink temperature. 

Retention of the two parameters, h2 / hi and 6r, obviously introduces more generality into 

the solution, but at the expense of more independently variable parameters. For this 

discussion, it is preferable to minimize the number of parameter variations so as to focus 

on the key design questions related to peak temperature and thermal footprint. 

The solution over the heated and unheated domains is in the fonn of modified 

Bessel functions of first order: lo and Ko- At r^ s 0, the solution is bounded due to a finite 

value of the maximum temperature. Therefore, the Ko function is inadmissible for the 

first domain. The solutions for the two domains have the form: 

^,.<1 • O^r"" ^1 (3.5a) 

=C3/o(mr*)+04^:0 (mr*) , r* (3.5b) 

The parameter m is akin to the fin parameter common in radial fin analysis and is given 

by: 

The Biot number, Hi, is defined in terms of the plate thickness, t. The choice is arbitrary 

but physically meaningful, comparing as it does the magnitude of z-direction plate 

conduction compared to convection at the surface. The temperature solutions over the 



heated and the unheated domains must match at the interface, r**^ = 1. The matching 

conditions are the continuity of heat flux and temperature at this position: 

a I —Q 
de r*<l 

dr «r'=l dr* 
(3.7) 

«r*=:| 

In the practical range of interest for electronics packaging, the parameter m has a range 

from about 1 to 6, as shown in Table 3.1. In order for the first term of Eq. (3.Sb) to 

remain bounded in the domain r* >= 1, the admissible values of m must be small, i.e. the 

source radius a must be small relative to board thickness t, from the deflnition given in 

Eq. 3.6. However, we note that the underlying one-dimensional assumption fails in this 

case, thus we reason that the constant C3 must be very small. Indeed, it was found that 

neglecting this term had negligible effect on the results, tantamount to admitting the 

approximation C3 = 0 for the range of m considered here. The remaining two coefficients, 

ci and C4 are evaluated from the matching conditions at the interface. 

c, =• 2Bi c, =-c, /|(w) 
KAm) 

(3.8) 

The flnal solution is thus given by: 

c,/o(m)+—,OSr* <1 

C4/:o(mr'^),r* ^1 

(3.9) 

The maximum temperature occurs at the center of the source and is given by: 

^mi* ^ Ur*=0 "^1 "^281 
(3.10) 
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For verification, the analytical solution for 0(r^ was compared to a full two-dimensional 

finite element simulation of the problem and further analysis of the results was 

performed. A comprehensive parametric investigation was performed to derive simplified 

design rules for the problem. Computations were performed on a personal computer 

using MATHEMATICAL (1994) and a SPARCStationl™ UNIX workstation. 



3.2 Results and Discussion 

The governing parameters of the problem are the conductivity of the plate k, 

power dissipation per unit area from the source q, device radius a, thickness of the plate t, 

and the ambient temperature. Equations 3.9 and 3.10 indicate that the solution has two 

relevant parameters, namely m and f^/Bi. It is revealing to note that the parameters have 

the following primitive forms: 

showing that m depends on both length scales, a and t, whereas t'^/Bi depends only on the 

source radius a. A complete investigation was performed on the parameteric dependence 

of the solutions on the two parameters in the range sununarized in Table 3.1. 

3.2.1 Equivalent Device Radius 

The problem of interest is shown in Figure 3.1. The analytical solution replaces 

the square source with an equivalent circular source. In order to validate the analytical 

solution, results were obtained for a plate of thickness 1.5 nun with a source radius of 

1.27 cm and plate radius of 15.24 cm (6 in.). The convective heat transfer coefficient was 

15 W/m^-K and the plate conductivity was 2W/m-K, resulting in a Biot number, Bis0.02. 

A commercial finite element code, NISA™ (1994), was used to solve the identical 

problem for comparison with the thin plate results. The finite element solutions were 

obtained for three cases: (i) a one-dimensional approach as in the analytical formulation, 

(ii) a full two-dimensional (r-z) formulation with the source represented as a 

(3.11) 



volumetrically distributed source in the region 0 <= r <= a, and (iii) a full two-

dimensional (r-z) formulation with the source placed at the surface. The qualification 

results are shown in Fig. 3.2. Figure 3.2 clearly demonstrates that the finite element code 

and the analytical results are in complete agreement with the thin radial board model with 

a circular source. The finite element solutions showed that the lumped solution with the 

volumetric source and the three-dimensional solution with a surface source are 

indistinguishable for these parameters. Similar results were found for the range of 

parameters in Table 3.1. The z-lumped or "thin board" approach therefore was validated 

for parameters in the range of interest for the present problem. 

A typical device is rectangular with dimensions bx x bz on a board of dimensions 

W.X X Wz as in Fig. 3.1. In order to model the problem using radial coordinates, the 

equivalent radius of the source that best models the rectangular device must be 

determined. There is some discrepancy in the available literature about the use of 

equivalent device radius. Typical design treatises, for example Ellison (1988), and 

Tumala et al (1989), referring to the work of Kennedy (1960), recommend the use of an 

equivalent radius that yields the same area as the rectangular source, for both one-

dimensional (r) and two-dimensional (r-z) problems. The equivalent radius is thus given 

by: 

a = (3.12) 

On the other hand, Negus et al (1989), after evaluating the thermal constriction 

resistance for circular and square sources on insulated semi-infinite cylinders, conclude 

that the most appropriate characteristic length for reducing the constriction resistance for 



all of their configurations is the square root of the contact area. Thus, to compare the 

circular source to a square source, the circular source characteristic radius is taken as: 

Graham and Witzman (1988) adopted this approach for their one-dimensional thin 

board analysis although it was demonstrated only for the two-dimensional problem. On 

the other hand. Ellison (1988) and Lasance (1992) used the equal area approach, Eq. 

3.12, to determine the equivalent source radius following long established practice. 

Figure 3.3 shows a schematic of the equivalent diameters from these two approaches. 

The equal area approach results in an equivalent radius that is 13% larger than the 

approach using a diameter given by square root of area. A comparison of these two 

conventions for the source radius in reducing rectangular source and circular source 

temperature fields is shown in Fig. 3.4. The board was 12 in. x 12 in. with insulated 

edges and a 1 in. x I in. source dissipating 1 W placed at the center. The board 

conductivity was 2 W/m-K and the convective heat transfer coefficient was 15 W/m2-K. 

The finite element method was used to solve the square source problem, with lumping in 

the z-direction. and compared to the analytical circular source solution. The results were 

compared at fixed power dissipation. Figure 3.4 clearly demonstrates that the maximum 

temperature as well as the temperature profile across the board are in excellent agreement 

when the radius is taken using the equal area approach, Eq. 3.12. 

The approach using Eq. 3.13 results in a higher temperature due to a higher 

surface heat flux over a smaller area. Although no analytical justification has been 

established to favor the equal area approach, it appears that at least for the parameters 

(3.13) 



investigated in this study, it is preferable to use the equal area approach in applying the 

circular source thin board model. In fact, this corroborates long established practice that 

apparently has been accepted based on practical experience rather than rigorous proof. 

The thermal behavior of sources at the center, comer, and edge locations bounds 

the behavior overall and therefore are useful design rules. The typical device length to 

width (bx/bz) ratio is in the range of 1 to 3. 



3.2.2 Effects of Device Location and Aspect Ratio 

The application of the thin board radial model to predict maximum temperature 

for devices on the comer and on the edge of a board was investigated as per the approach 

of Lasance (1993). The thermal behavior of sources at center, comer, and edge locations 

bounds the behavior overall and therefore are useful design rules. The aspect ratio is 

defined as the ratio b^/bz for the rectangular device. The typical device length to width 

ratio is in the range of 1 to 3. The ability of the analytical model to predict the maximum 

source temperatures for various device locations and aspect ratios was established by 

comparison to finite element solutions for rectangular sources. 

A schematic of the possible source locations and the conventions used here is 

given in Fig. 3.5. Figure 3.5(a) shows a centrally located device with the x- and y-axes 

passing through its center. Figure 3.5(b) shows the device located at a comer of the 

board. The x- and y-axes are located along the edges of the board. The device located on 

the edge of the board is shown in Fig. 3.5(c) with the x-axis along the edge from the 

centerline of the source and the y-axis as the distance normal to the edge. Their 

equivalent circular source representations are shown in Fig. 3.5 (a)-(c). Rectangular 

sources were considered with a planform area of 1 in^ and with an aspect ratio in the 

range 1/3 to 3. The source power was 1 W for center, 0.25 W for comer, and 0.5 W for 

edge-mounted source. The convective heat transfer coefficient over the top of the board 

was fixed at 15 W/m^-K and two board conductivities, 0.2 and 2 W/m-K, were 

considered. The thickness of the board was 1.5 mm. 



For a square device, bx/bz = 1, at the central location, an equal area source with a 

radius of 0.5642 in. was used for the analytical solution. Figure 3.6 shows the 

comparison of analytical solutions for 1 W source with finite element results. As 

expected, the maximum temperature is accurately predicted for both board conductivities. 

For a rectangular device located at the comer, a quarter-circle source with the 

same power dissipation and area was used. From symmetry, the solution is the same as 

that for a circular source of the same radius and heat flux located in the center of the 

board. Figxire 3.7 shows the temperature distributions for a square 0.2S W device located 

at the comer of the board in comparison to a quarter-circle source of equal area, again 

with power dissipation the same in both cases. 

The maximum device temperature is predicted accurately for both the board 

thermal conductivities. The discrepancy in the temperature distribution in the x-direction 

in the vicinity of the edge of the square source is readily seen to be due to the fact that the 

square source edge is located at x=1.0 in., whereas the edge of the circular source is 

x=1.128 in. A similar discrepancy can be observed for the central source of Fig. 3.6. 

This discrepancy seems to be a small price to pay given the accuracy in predicting the 

maximum temperature. 

Results for a 0.5 W device located at the edge are shown in Fig. 3.8. The edge 

device of dimensions 1 in. x 1 in. was computed with the finite element method and the 

results compared to the analytical solution for a semi-circular source of equal area and 

power dissipation with board conductivities of 0.2 and 2 W/m-K. Because of the axial 

as3munetry of the square source placed on the edge, compared to the synmietric solution 



for the semi-circular source, one would expect more deviation in this case. Indeed, 

careful study of Fig. 3.8 will show that the deviation can be explained with reference to 

the edge of the square source compared to the edge of the semi-circular source on either 

the X or y axes. Surprisingly however, the maximum temperatures are predicted very 

accurately by the equal area approach even for the edge source. 

For rectangular sources, an aspect ratio other than one produces asymmetry in the 

temperature profile in the x-z planform. If an equal area circular, semi-circular, or 

quarter-circular source is used to model the rectangular source, deviation in the 

temperature profile is expected, for the same reasons as it was evident in Figs. 3.6, 3.7, 

and 3.8. The analytical model provides the solution for an equivalent source of equal area 

and power dissipation. A comparison of results for non-square sources is shown in Figs. 

3.9 through 3.11. Figure 3.9 shows the maximum temperature rise for a rectangular 

source, with aspect ratios bx/bz of 1/3, 1/2, 1, 2, and 3, located at the center of a 12 in. x 

12 in. board. For an aspect ratio of 1, the agreement previously observed in Fig. 3.6 is 

recovered. However, for aspect ratios other than unity, deviation of the rectangular 

source result from the circular source solution becomes pronounced. The plot is 

symmetric about aspect ratio of 1, i.e. a centrally-located device with an aspect ratio of 

1/2 and 1/3 is identical to a device of aspect ratio 2 and 3 respectively rotated 90**. The 

maximum deviation is about 10% for a conductivity of 0.2, and 13% for a conductivity of 

2.0. This is a rather remarkable agreement considering the differences in the distribution 

of planform area that is heated, and obviously delineates the usefulness of these 

approximate analytic solutions. 



The comer source is investigated for the same variations in aspect ratios and 

board conductivities for a 0.25 W source as shown in Fig. 3.10. There is negligible 

difference between the analytical and finite element results for the board conductivity of 

0.2 W/m-K. For conductivity of 2.0 W/m-K, the analytical model overpredicts the 

maximum temperature at worst by about 11% for the largest and smallest aspect ratios, 

due to the differences in planform distribution of heated area. The behavior again is 

symmetric about the aspect ratio of 1 as the device of aspect ratios 1/2 and 1/3 can be 

rotated 90** to obtain a device of aspect ratios 2 and 3 respectively. Figure 3.12 shows the 

maximum temperature variations for the edge source. The analytical model still provides 

a good estimate of maximum temperatures for aspect ratios of 1 or more. An aspect ratio 

of 2 should recover the agreement of Fig. 3.6. The analytical model is that of a semi

circle with the diameter lying along the edge and of the same area as the device. When 

the major axis of the rectangle is also along the board edge, that is aspect ratios greater 

than 1.0, the agreeement with the semi-circular source solution should be expected to be 

good. However, when the minor axis of the rectangle is along the board edge, the 

difference in the spatial distribution of planform area introduces increasingly significant 

deviation, as pointed out by the illustration at bx/bz =0.5 in Fig. 3.11. It can be noted that 

the maximum deviation is about 10% for all cases, except for an edge source with aspect 

ratio less than about 0.8, for conductivity of 2.0 W/m-K. Again, the accuracy of the 

analytical solution in predicting maximum temperature is very satisfactory. 

The maximum temperature for a device with the same aspect ratio is the 

maximum when it is at the comer and least when it is at the center of the board. This 
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effect is more pronounced for the highly conductive board due to heat spreading. The 

analytical model is able to provide a conservative estimate of the maximum device 

temperature for the entire range of practical aspect ratios of 1/3 to 3 and device locations 

at the center, comer or edge of a board. The above results can be summarized in the 

following statement - For any device of aspect ratio 1/3 to 3 located on the board, on the 

comer, or at the edge, an accurate maximum temperature prediction can be performed 

by modelling it as a circular or semi-circular source with equal area and equal power 

dissipation. The analysis of a rectangular source anywhere on the board can therefore be 

done by the appropriate semi- or quarter- circle that represents the equivalent radial 

source. 



3.2.3 Package Thermal FooQjrint 

In addition to the prediction of maximum temperature, a design rule describing 

the thermal "zone of influence" of a package mounted on a conductive board is of 

significant use to detemiine pacicage to package interactions. In this section, an 

unambiguous definition of the package thermal footprint is presented. The 

nondimensional governing equation, Eq. 3.2, and its solution, Eq. 3.9, indicate two 

independent relevant parameters, m and f^/Bi, for the problem. A parametric variation of 

these two parameters was performed and their effects on the source behavior was 

investigated. For a typical component mounted within a shallow enclosure, the range of 

f** is 0.05 to 0.1 and the range of m is 1 to 6. The Biot number is in the range 0.001 to 

0.6, where 0.6 defines the limit of applicability of the assumption of negligible z-

direction temperature gradients. The resulting range of f^/Bi for the practical problem is 

approximately 0.01 to 100. The range of t'^/Bi investigated was 0.01 to 100 and the 

range of m studied was 0.1 to 100. 

The independent variable is mr^ therefore, the dependent variable 0 scales with 

mr*^ parametric on m and t^/Bi. Examination of the solution, Eqs> 3.8 and 23^ indicate 

that the independent variable may be further reduced to 6/(t'^/Bi) resulting in the compact 

presentation shown in Fig. 3.12. In this plot, m stretches the spatial coordinate r, such 

that for a low conductivity, m is large, resulting in a uniform temperature distribution 

over the source due to the uniform convective heat transfer coefficient specified on its 

surface. In contrast, for high conductivity, resulting in small m, the temperature 

distribution monotonically decreases. Equations 3.9 and 3.10 indicate that both the 



temperature, 6, and the maximum temperature, 6niax> scale linearly with f^/Bi, therefore, 

the ratio 6/6max is dependent only on the parameter m. An alternative way to scale the 

temperature 6 therefore is to scale it on 6niax> as presented in Fig. 3.13. Indeed nothing is 

gained by stretching the radial coordinate with m in this presentation, and Fig. 3.14 

shows the unstretched coordinate, r*. Figure 3.14 perhaps lends the most insight into the 

temperature distribution and its dependence on the principal parameters. 

For large m, the temperature is meaningful only in the heated region because the 

plate is adiabatic or the convective cooling from the source is large. As the plate 

becomes increasingly conductive, or the convective heat transfer diminishes, the heat 

spreading enlarges the "thermal footprint" in the vicinity of the source, while 

simultaneously reducing the peak temperature. 

There are not any unique ways by which to define the thermal zone of influence 

of a package on a board but any such definition should at minimum be unambiguous. 

Since the functional form of Eq. 3.8 is not simple, one might be tempted to locate the 

radius where the temperature drops to some arbitrary fraction, say 10%, of the peak 

temperature and define this as the thermal boundary of the package. A less arbitrary 

definition is presented here. The temperature profile has an inflection point at the device 

radius, r^ = 1, as shown in Fig. 3.15. The tangent line drawn through the inflection point 

uniquely defines a radius that can be found analytically and that has well-behaved 

properties. We term this the thermal footprint radius, rr, which gives the non-dimensional 

footprint radius, rr^ = (rf/a). The inflection point in the temperahire solution OCr*^ occurs 
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at the source radius, r'*^=l. To determine the footprint radius, the tangent line is drawn 

through the inflection point where the temperature and slope are given by: 

, de 
^ L. =1=^4^4 (m) ;  = -mc^Kfim) (3.14) 

»r'=l dr 

The tangent line as shown in Figure 3.15 is thus given by: 

6  =  - m c ^ K ^ - 1 }  ( 3 . 1 5 )  

and its zero, i.e. its intersection with the r+ axis, defines the footprint radius as: 

r / =  ( 3 . 1 6 )  
a mKi (m) 

Figure 3.16 shows the dependence of rr^ on m; it is a well-behaved monotonically 

decreasing function. It is independent of ~. The non-dimensional footprint radius, rf^, 

decreases asymptotically from 4.6 for m s 0.03 to 1.0 for very large m that corresponds 

to an adiabatic board. In the range of m that is practical, from 1 to 10, the expression is 

fit well by the correlation: 

r/=-^^ = 1.66w""^" ;  l .O^m^lO.O (3.17) 
a 

What remains is to determine the temperature at the footprint radius. It will prove 

beneficial to determine this temperature relative to the maximum temperature, given by 

Eq. 3.10. First, note that the constant C| in Eq. 3.9 for Omu is a function of f^/Bi and m. 

6max is rewritten as: 
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e. 

r 

2Bi +— (3.18) max 
11 (fi) 2Bi 

Ioim) + Koim) 
Koim) J 

Similarly, the temperature at the thermal footprint is given as: 

(3.19) 

where rf^ was previously given by Eq. 3.16 and is also a function of m only. The 

functions f(m) and g(m) are both functions of Bessel functions of order zero and one 

only. Figures 3.17 and 3.18 show the dependence of Omox and 6f parametric on m. They 

are both linearly proportional to tVBi for any value of m as is evident from Eqs. 3.16 and 

3.17. The lines approach an asymptotic limit as m is increased. Since both Omax and 6f, 

are linearly proportional to f^/Bi, their ratio should depend only on the parameter m. In 

fact, Eqs. 3.16 and 3.17 indicate that: 

(3.20) 
fim) 

Figure 3.19 shows the dependence of Of/Onwx as a function of m. The ratio of the 

thermal footprint temperature to the maximum source temperature decreases from a value 

of O.S for m of 0.03 to 0.17 for m = 3. This ratio 8(/8mu is a measure of the part of 

thermal energy that is conducted away from the source beyond the footprint radius rr^. A 

larger value of m means that more heat is convected from the source and the ratio Of/Omax 

is proportionally smaller. The ratio reaches a minimum at m s 3 and thereafter a further 

increase in m causes the ratio Of/Bmax to increase slightly to a constant value of 0.18. No 



physical significance has yet been found for this local minimum and the corresponding 

mild increase in the ratio 6f/6max- In the working range of l<m<10, the thermal footprint 

temperature varies from 17% to 22% of the maximum source temperature. It thus 

appears that the definition of thermal footprint radius does indeed provide a robust design 

rule of thumb, indicating the radius at which the board temperature drops to 

approximately 20% of the maximum temperature. 

The design formulae for 6nuu and 6f can be represented in simpler algebraic 

forms, useful for rapid computations. The functions f(m) and g(m) are plotted as a 

function of m in Fig. 3.20, in logarithmic coordinates. The range of m of importance to 

the thermal designer is 1 to 10. At small m, the asymptotic values of f(m) and g(m) are 

given by the power laws: 

f im) = 0.199m"'", m<l (3.21) 

and 

gim) = 0.0468m"™, m< 1 (3.22) 

For large values of m, the asymptotic values of f(m) and g(m) are given as 

follows: 

/(m) = 0.5, ffi > 10 (3.23) 

and 

gim) = 0.092, /n>10 (3.24) 
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Therefore, the ratio —^ is given by: 

^ ^ f0.235m^"«, m<l 1 

l0.184, m>10j 

Now, since both functions exhibit asymptotic power law behavior at large and 

small arguments, a correlational method attributed to Churchill and Usagi (1972) is used 

to derive an approximate function that passes through both asymptotes and all 

intermediate values. A fitting or blending function is proposed in the form: 

/(m)-" = /,(m)-"+/„(m)-" (3.26) 

where f| and f|i are the asymptotic functions given by Eqs. 3.21 and 3.23 respectively. 

The fitting parameter n may be found by regression or trial and error. 

By this method, the functions f(m) and g(m) for Omax and Or, respectively, can be 

approximated, resulting in the final approximate forms, found with ns2 in Eq. 3.2S: 

= 0.5(L + 6.31iri-^")r"'|Y (3.27) 

Of = 0.0915(1+3.82jii-"«)~'"|£-| (3.28) 

and, 

11. = ^ 
0^ [l+3.82m-"' 

-2.87 1 "2 
(3.29) 

Figure 3.20 shows the comparison of the calculated data with the approximate 

correlating functions given by Eqs. 3.27 and 3.28. The temperature rise at the thermal 

footprint relative to the maximum source temperature is provided by Eqn. 3.29. 



The correlations are seen to fit the data remarkably well. Equations 3.27 and 

3.28, along with the equation for the footprint radius, Eq. 3.17, thus provide the final 

design formulae to predict the maximum device temperature, and the device thermal 

footprint. 



3.2.4 Application of Superposition of Single Source Solutions 

The derived formulae can be applied to the thermal design of a board during 

layout with multiple components if the temperature field due to the interaction of 

multiple sources can be constructed by the addition of the temperature fields due to 

individual sources taken one at a time. The present formulation is linear in temperature, 

therefore, the individual solutions can certainly be linearly superposed. Experiments 

were conducted with two square 1 in xl in sources mounted on a 12 in x 12 in phenolic 

sheet. A schematic of the layout is given in Fig. 3.21. The sources are kapton-

encapsulated nichrome heaters. The board forms the bottom of a shallow enclosure of 

height 1 in. The source spacing to size ratio, S/L, was unity in the experiments. The first 

source was powered at 0.498 Watts and the second source was powered at 0.251 Watts. 

Thermocouples were used in the experiments to yield maximum temperatures at the 

sources. The sources were powered separately and a value of 16 W/m^-K for the 

convective heat transfer coefficient from the top of the board was found to match the 

analytical predicted temperatures to the experimental maximum temperatures for a single 

heated source. The sources were then powered simultaneously. A Hnite element solution 

of the board with two square sources is shown in Fig. 3.22. In addition, the linearly 

superposed circular source solutions are shown. The agreement with the FEM result is 

such that the analytical solutions are indistinguishable from the FEM solutions. The 

sources do not have significant interaction due to the significant spacing S between them. 

The experimental results are overpredicted by 5% by the analytical model as well the 

finite element solution. This is due to unaccountable heat loss from the back of the 
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board. Comparisons using more sophisticated measurements will be provided in 

Chapters 4 and 5. 

3.3 Summary 

Useful thermal design formulae were presented to allow the prediction of the 

temperatures, and in particular the maximum temperature, when a circular source of 

uniform heat flux is placed on a conducting board with uniform surface conductance on 

the top and bottom surfaces. The analytical model neglects z-direction gradients. It was 

found that the temperature is dependent on two independent parameters, m and t'^/Bi, but 

the ratio of temperature at any position to maximum temperature at the center of the 

source, 6/6max, is dependent on the sole parameter m. It was shown that rectangular 

sources may be modeled as circular sources with the present model with excellent 

agreement found when the equivalent radius is taken so as to give equal areas. The 

resulting model was found to be useful for rectangular sources located at the center, edge, 

or at the comer of a conducting board. These three situations bound the positional 

dependence on the temperatures. A new definition of thermal fooQirint was introduced; 

the footprint radius was related to the tangent line of the temperature at its point of 

inflection. Simple formulae for the radius thus defined by the tangent line, termed here 

as the "footprint radius," and the temperature at this radius, i.e. the "footprint 

temperature," were presented. It was found that both are robust, well-behaved functions 

and that the footprint radius corresponds to the radius at which the temperature drops to 

20% of its maximum value due to combined conduction into the board and heat loss from 
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its surface. In the range of practical interest, the maximum footprint radius found was 

about 1.8 times the source radius. The superposition principle was verified to be valid for 

prediction of board temperatures due to multiple sources using the single source results 

derived. 



Table 3.1. Table of Parameters for analytical model. 

Parameter Range 

m 0.1-100 

t*/Bi 0.01-100 

m (typical) 1-6 

t* (typical) 0.05-0.1 

Bi 0.001-0.6 



Source h,,T, ^ 

^ h2,T2 

Conducting Board 

T 
K — H  

1 

w„ 

Figure 3.1 Schematic of board with a heat dissipating component. 
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Figure 3.2 Comparison of analytical results with finite element results for a radial 
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(a) Negus era/ (b) Equal Area 

Figure 3.3 Schematic of the Equivalent device radius. 

40 

2-D FEM Square Source 

Ana^tic - Equiv Area 
30 

10 

0 

0.5 0 r(in.) 0.0 2.0 

Figure 3.4 Comparison of Analytical solution for a radial fin using both the equivalent 
radii approaches with finite element results for a lin x lin source powered at IW on a 

12in X 12in conducting board. 
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(a) Center 

H—b,—H 

(b) Comer 

K — H  

(c) Edge 

Figure 3.5 Schematic of various device locations on the board and equivalent circular 
source representations. 
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Figure 3.6 Comparison of temperature profiles firom analytical solution and FEA results 
for a centrally located lin x lin square device powered at IW. k ^0.2 and 2.0 W/m-K 
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Figure 3.7 Comparison of temperature profiles firoin analytical solution and FEA results 
for a comer located lin x lin square device powered at 0.25W. k s 0.2 and 2.0 W/m-K 
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Figure 3.8 Comparison of temperature profiles from analytical solution and FEA results 

for an edge located lin x lin square device powered at 0.5W. k = 0.2 and 2.0 W/m-K 



90 

60 

SO 

40 

30 

20 

10 

0.1 

•8= 
•8" 

ok • 02, ANALYTICAL- ORCULAR 
»k - 02; FBM • RECTANGULAR 
•k - 10  ̂ANALYnCAl̂ CIRCULAR 
-k • 2.01 FEM • RECTANGULAR 

10 
ASPECTRATIO 

Figure 3.9 Comparison of maximum temperature from analytical solution and FEA for a 
centrally located rectangular source (IW) of area 1 in^ and different aspect ratios. 
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Figure 3.10 Comparison of maximum temperature from analytical solution and FEA for 
a comer located rectangular source (0.2SW) of area 1 in^ and different aspect ratios. 
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Figure 3.11 Comparison of maximum temperature from analytical solution and FEA for 
an edge located rectangular source (O.SW) of area 1 in^ and different aspect ratios. 
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Figure 3.12 Variation of O/tf^/Bi] parametric on m. 
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Figure 3.14 Variation of Q/Bnux with r* parametric on m. 



93 

Temperature Profile 

'max 

Tangent Line 

Source Width 

Thermal Footprint —H 

Figure 3. IS Sciiematic of Footprint Radius based on tangent at inflexion point. 
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Figure 3.16 Dependence of rf^ on m parameter. 
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Figure 3.17 Dependence of 6max on t'^/Bi parametric on m. 
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Figure 3.18 Dependence of Or on tVBi parametric on m. 
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Figure 3.20 Dependence of f(m) and g(m) on m parameter. 
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Figure 3.21 Schematic of two components powered simultaneously. 
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Figure 3.22 Comparison of Experimental, Finite Element and Superposition Analytical 
Solutions for two sources. Pi = 0.498W, P2 = 0.251W. 
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4. NON-CONJUGATE BALSA WOOD RESULTS 

The experimental apparatus that is described in Chapter 2 was used for 

measurements using the balsa wood instrumented board. The single source was powered 

at 0.07W - 0.42W and the enclosure height H was varied in the range of 6.3Smm-76mm. 

From Eqn 1.9, the source length scale is LsA^/P, where As is the source area and P is 

its perimeter. For the single source, L has a value of b/4 s 6.3Smm; the aspect ratio H/L 

for the experiments varied from 1 to 12. As is evident firom the results below, L is not a 

suitable length scale to capture all characteristics of the problem and to correlate the 

behavior of the heat transfer in the enclosure, especially with strong conjugate effects. 

4.1 Plate Surface Results 

A surface temperature distribution for H/L s 1 is shown in Fig 4.1 and is typical 

of all data obtained. Since the plate is horizontal, the temperature distribution is 

approximately symmetrical about the source centerline. Due to the minimal conduction 

from the source to the surrounding balsa plate, the temperature on the source is relatively 

constant and, at the interface between the source region and the surrounding board, there 

is an inflexion point in the surface temperatures. Thereafter, the temperature sharply 

drops beyond the boundary between the source and the board. Figures 4.2 through 4.5 

show the surface temperatures for H/L values of 2,4, 8 and 12 with the source powered 

at Q = 0.07,0.14,0.21,0.28,0.35 and 0.42 W. Measurements were made at each H/L 

and Q combination. It is noted that as H/L is increased, the source temperature decreases 



and the temperature stays fairly uniform over the source, followed by a sharp decrease in 

the surface temperature beyond the source. The balsa wood board closely approximates 

the insulated board case. It is also noted that, with the same incremental increase in 

power, the incremental increase in source temperature decreases slightly as source power 

and aspect ratio increases. 

The overall thermal resistance between the source and the wall, 6ja, is plotted in 

Fig. 4.6 for all aspect ratios and source powers. In all cases, the resistance monotonically 

decreases with aspect ratio and source temperature. Since the effective radiative heat 

transfer coefficient does not vary greatly, the variation in the thermal resistance must be 

primarily due to variations in the convective heat transfer coefficient. The thermal 

behavior of the source in the enclosure can be projected observing the limiting behavior 

at low and high enclosure aspect ratio, H/L. Below some critical aspect ratio and AT, 

heat transfer is expected to occur by coupled conduction through the air layer and 

surface-to-surface radiation. The onset of convective motion is expected to occur at a 

critical Rayleigh number based on the plate spacing and H/L. If the conduction is 

assumed to be one-dimensional, the heat transfer coefficient from the source will be 

given by: 

h^klH or  A^«4„=1 (4 .1)  

where k is the thermal conductivity, and H is the enclosure height. In reality, the heat 

conduction is three-dimensional and the conduction limit for the heat transfer coefficient 

will deviate from Eqn 4.1, especially at high board conductivity. With the onset of fluid 



motion, the convective heat transfer coefficient will rapidly increase. The Nusselt 

number should be of the form: 

Nu, s — = / 
' k 

(4.2) 

At low and intermediate H/L, there may not be one dominant length scale. In 

addition to dependence on H, fluid motion may be strongly influenced by source size 

through H/L and the enclosure planform through H/W, where W is the enclosure width. 

It is possible that cellular motion is induced in the enclosure with the backflow bringing 

warm fluid back towards the source. At large H/L, the dominant length scale will most 

likely be the source length scale L because the flow will be dominated by an upward 

plume whose strength is characterized by temperature and size of the source with 

secondary influence by H/W. Because the opportunity for backflow of warm fluid 

towards the source by cellular motion is diminished, the heat transfer coefficient based on 

To should be higher for large H/L compared to low H/L. This is confirmed by variation 

of the average heat transfer coefficient that is measured from the heat flux gage as shown 

in Fig. 4.7. The heat transfer coefficient h monotonically increases with enclosure aspect 

ratio H/L and total power dissipation. It is strongly dependant on enclosure height up to 

H/L around 4 with a weaker dependence at greater H/L values. The heat transfer 

coefficients shown in Fig 4.7 are based on the average heat flux fix)m the source due to 

the size of the heat flux gage and measurements utilizing the 40-thermocouple thermopile 

within the flux gage. Air properties were evaluated at the average temperature between 

the heat source and the wall: 
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T +T 
Tr=^-^ (4.3) 

The board thermal conductivity was taken as O.OSSW/m-K for Balsa wood, 0.3W/m-K 

for FR-4 and 9.0 W/m-K for copper-clad (ISCU) for the Hnite element model. These 

handbook values were not directly confirmed. 

In order to understand the details of the heat transfer within the enclosure, it is 

vital to measure the air side temperatures and determine the fluid-side heat transfer 

characteristics. 
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4.2 Airside Results 

The present experimental setup allows the measurement of airside temperatures 

for determination of local heat transfer coefficients for the plate. Fig 4.8 shows the 

airside temperatures for the Balsa Wood plate as a function of vertical distance y firom the 

source at a fixed source power. The data is for varying H/L values of 1, 4,12 for source 

power of 0.42W. The airside temperatures confirm the limiting behavior of nearing pure 

conduction at low values of H/L characterized by the almost linear temperature gradient 

from the source to the opposing cold wall. At values of H/L of 4 and above, the 

convective heat transfer dominates with an increased temperature gradient from the 

source. Fig. 4.9 shows the local heat transfer coefficient h(x) determined by making 

these airside temperature gradient measurements across the central plane of the source for 

source power of 0.42W. The data corroborates the hypothesis that at low aspect ratios, 

the heat transfer coefficient is fairly uniform across the source, indicating a conduction 

limit. Beyond the source, the heat transfer coefficient drops sharply, confirming that 

conduction from the source to the opposing wall is the dominant heat transfer 

mechanism. There is minimal heat transfer ftom^ the surrounding board beyond the 

source to the opposing wall. As the aspect ratio H/L is increased, the local heat transfer 

coefficient shows a peak that is characteristic of a plume-like behavior. Therefore, at 

high aspect ratio H/L of 12, there is strong plume-like natural convection that is 

dependant on the source power and source length scale L. The heat transfer coefficient 

beyond the source is still small showing a close approximation to an insulated board case. 
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Fig 4.10 shows the normalized local heat transfer coefficient across the center 

plane of the source. This distribution shows that the local heat U'ansfer coefficient is 

fairly flat at 4% more than the average source heat transfer coefficient across the central 

region of the source at H/L = 1, with lower heat transfer coefficient away from the source 

center, indicating a conduction limit with increased spreading resistance in the air 

towards the periphery of the source. At intermediate and high H/L, the h(x)/h Is more 

peaked as an evidence of onset of convection. 
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4.3 Analysis for Conduction and Convection Limits 

In order to normalize the data, it is essential to plot it using non-dimensional 

parameters, Nu and Ra. The length scale for the non-dimensional numbers will depend 

on the conditions within the enclosure. It is customary to take the enclosure height H as 

the length scale for enclosures. Fig. 4.11 shows the variation of NUH with Ran and 

compares it to Eqn( 1.10) by Globe and Dropkin for a shallow horizontal enclosure with 

unifom temperatures on the upper and lower walls. It is observed that the experiments 

provide much higher value of NUH coefficient than the behavior expected from Eqn 

(1.10). The substantial difference between the two is attributed to the choice of the 

enclosure height H as the length scale. Clearly, the enclosure height H alone cannot 

provide insights into the characteristics of the problem because the present problem has 

an additional length scale, L. 

Figures 4.12 and 4.13 compare the data for balsa wood to the behavior of an 

isolated upward-facing plate, Eqn (1.8a), and to the lower limit of three-dimensional 

conduction established by a numerical finite element model. In keeping with Eqn (1.8a), 

both Nu and Ra are based on the characteristic length scale L=AVP for the square source. 

The one-dimensional conduction limit, Eq. 4.2, evaluated arbitrarily at H/L s 1 gives the 

limit of NUL = 1.0. The three-dimensional conduction limit was determined from a finite 

element model of the conduction within the enclosure (Appendix D). The heater and heat 

flux gage layers were modeled as being mounted on appropriate boards used in this 

study. The air side was assumed to have conduction as the sole means of heat transfer. A 

commercial finite element code (Hybrid Thermal Modeler, 1996) was used to model the 
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three-dimensional conduction limit. The model was tested for grid independence, and a 

fmal number of SOOO nodes were used to solve the problem (Appendix D). 

The heat flux gage measurements are used for Fig 4.13 and airside temperature 

measurements for Fig. 4.14, respectively. The close agreement between the two 

measurements corroborates the use of airside temperatures for further analysis of the 

convection measurements. Also, it shows that the measurement of average heat transfer 

coefficient using the heat flux gage can be used when interested in the source 

measurements only. The airside measurements for used for the following analysis as they 

capture the local heat transfer behavior, unlike the heat flux gage that averages the heat 

transfer over the source. 

As shown in Fig 4.14, the behavior of the source for balsa wood is bounded 

reasonably well by the isolated upward-facing plate limit, Eqn (1.8a), at high H/L and by 

the three-dimensional conduction limit at low H/L. Due to minimal heat spreading in the 

Balsa wood board, the board behavior closely emulates an isolated source at low power 

and high H/L. At higher power and high H/L, the air velocities in the vicinity of the 

source could be higher within an enclosure than from an isolated source, due to plume 

formation and backflow within the enclosure. This causes the Nu for high source power 

and high H/L to exceed that for the isolated source. 

Qualitative flow patterns for this behavior are shown in Figs. 4. IS (a)-(d). The 

flow visualization was performed in a similar enclosure using incense smoke, see Figure 

2.9. At H/L s 1, there is a weak convection flow as shown in Fig 4.15(a). For Figs 

4.1S(b) and (c), at low H/L, the cellular convection is more organized and steady for 
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aspect ratios of H/L < 4. From Fig 4. lS(d), a transition region between steady and 

chaotic regimes in this experiment begins around 4 < H/L < 8. For the aspect ratio H/L 

> 8, the flow is strongly plume convection-dominated and starts to get chaotic, for the 

power level that was used in the qualitative flow visualization experiments. There is an 

opportunity for another researcher to work on more refined flow visualization using 

advanced techniques that would help quantify the observed flow patterns. 

Summarizing the results from the airside temperature measurements: for constant 

source power, the convective heat transfer increases as H/L increases producing a lower 

average source temperature, i.e. a reduction in Nu as Ra increases. The data in Fig 4.14 

demonstrates the expected transition towards a three-dimensional conduction limit as H/L 

approaches unity. At H/L of unity, there is onset of convection at high source power, 

evidenced in Figs. 4.7 and 4.9. This produces a value of Nu that is slightly higher than 

three-dimensional conduction limit. At lower power levels for H/L = 1, the experimental 

Nu very closely follows the numerical three-dimensional conduction limit. The slight 

reduction of Nu below the three-dimensional conduction limit at low power is believed to 

be due to inherent uncertainty at extremely small electrical signal levels. Therefore, for 

the balsa wood plate, the conduction limit is reached at H/L = 1 and low power levels. 

The conducting plates, FR4 and IS-Cu are analyzed in the next chapter to 

evaluate their behavior with respect to the conduction and convection limits. 
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Figure 4.1. Surface Temperature Profile for Balsa Wood at H/L s 1. 
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Figure 4.2. Surface Temperature Profile for Balsa Wood at H/L = 2. 
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Figure 4.3. Surface Temperature Profile for Balsa Wood at H/L = 4. 
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Figure 4.4. Surface Temperature Profile for Balsa Wood at H/L = 8. 
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It was observed in the previous chapter that for the non-conducting plate, the 

conduction limit was reached for low H/L and convection increased as H/L was 

increased. Results for the single source on a conducting plate are discussed in this 

chapter. The two instrumented plates tested were FR-4 (kpute = 0.3W/m-K) and IS-CU 

(kpiaie = 9.0 W/m-K) of thickness tpiate = 1 .Smm. The data from these plates, in 

conjunction with the balsa wood plate, encompasses three orders of magnitude of plate 

conductivity, Lall et al (2001). 

5.1 FR-4 plate 

The FR-4 plate's construction is described in section 2.4.2. 

5.1.1 Plate Surface Temperatures for FR-4 

A surface temperature distribution for H/L = 1 is shown in Figure 3.1 and is 

typical of all data obtained. As is the case with balsa wood plate, the temperature 

distribution is approximately symmetrical about the source centerline because the plate is 

horizontal. Figures 5.2 through 5.5 show the surface temperatures for H/L values of 2,4, 

8 and 12 with the source powered at Q = 0.1,0.2,0.3,0.4,0.S and 0.6 W. Measurements 

were made at each H/L and Q combination. Even at the small H/L, there is significant 

conduction from the source into the plate and there is a lack of the uniform source 

temperature that was observed for balsa wood at H/L = 1 in Figs 4.1-4.2. The onset of 
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buoyant motion cannot be assessed from these figures, but it clear that board conduction 

makes the problem highly conjugate. 

It is noted that as H/L is increased, the source temperature decreases. There is 

substantial spreading of heat from the source into the surrounding plate region. The 

temperature exhibits an inflexion point close to the effective source radius as discussed 

by Lall et al. (1994). For this case, 

rsfc/;r"^ = 1.42cm (5.1) 

The temperature completely decays within three radii for all the cases considered. The 

concept of thermal footprint as discussed in Lall et al (1994) is of great significance for 

the case of the conducting plate. 

Fig S.6 shows the overall thermal resistance between the source and the wall, 6ja 

for all aspect ratios and source powers. In all cases, the resistance monotonically 

decreases with aspect ratio and source temperature. It is not surprising that the overall 

source to ambient thermal resistance 6ja is much lower for the FR-4 case than the 

adiabatic case. Figure 4.6.6ja accounts for all modes of heat transfer and for FR-4, heat 

transfer from the source to the board is significantly increased. Variation of the average 

heat transfer coefficient with enclosure height and source power shown in Fig. S.7. The 

heat transfer coefficient h monotonically increases with enclosure aspect ratio H/L and 

total power dissipation. As is the adiabatic case, it is dependant on enclosure height up to 

H/L around 4 with a weaker dependence at greater H/L values. Comparing the results of 

Fig. 4.7 for the adiabatic plate, the heat transfer coefficient over the source is higher at all 

enclosure heights for the FR-4 case than the adiabatic case. Interpretation of this 
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observation is not simple. The heat transfer coefficient on the heat source is set by the 

strength of the convective motion within the enclosure, especially as it approaches the 

heat source. But in addition, it is set by the temperature of the fluid that approaches the 

heat source. Apparently, the conjugate board conduction results in more vigorous 

buoyant motion that is not offset by the tendency for the approaching fluid to be pre

heated by the heat that is conducted to the plate. 
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5.1.2 Airside Results for FR-4 

The airside temperature for FR-4 as a function of vertical distance y from the 

source at a fixed source power of 0.6W for varying H/L values of 1,4,12 is shown in Fig 

5.8. Comparing the airside temperatures for FR-4 to the Balsa Wood (Fig 4.8), there is 

no approximately linear temperature drop from the source to the opposing cold wall at 

H/L = 1. At H/L = 1, the conduction limit is not reached here at all, even at small H/L = 

0.25. At H/L of 4 and 12, similar behavior is observed as for the adiabatic plate. 

Figure 5.9 shows the local heat transfer coefficient h(x) determined by making 

these airside temperature gradient measurements across the central plane of the source for 

source power of 0.6W. The data show that for the range of aspect ratios H/L studied, the 

local heat transfer coefficient shows a peak near the center of the source that is 

characteristic of plume-like behavior. This corroborates the hypothesis that even at low 

aspect ratios, the heat uransfer coefficient is not uniform across the source, indicating that 

the conduction limit is not reached for the FR-4 case. Fig 5.10 shows the normalized 

local heat transfer coefficient across the center plane of the source for FR-4 case. This 

data shows that the local heat transfer coefficient at the center of the source is 10% higher 

than the average source heat transfer coefficient for small H/L and is significantly higher 

for large H/L. This signifies a stronger plume-like bulk convection behavior with 

increasing H/L, representing a stronger dependence on L than on H/L. 
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5.1.3 Analysis for Conduction and Convection Limits for FR-4 

In order to normalize the data, it is essential to plot it using non-dimensional 

parameters, Nu and Ra, similar to the Balsa wood plate. Fig. 5.11 shows the variation of 

NUH with RaH and compares it to Eqn(l.lO) by Globe and Dropkin. Similar to the balsa 

wood results in Fig 4.11, the FR-4 experiments provide much higher value of NUH 

coefficient than the behavior expected from available literature's Eqn (1.10). The 

substantial difference between the two is attributed to the choice of the enclosure height 

H as the length scale. Clearly, the enclosure height H alone cannot provide insights into 

the characteristics of the problem, a fmding shared with the balsa wood experiments. 

Figures 5.12 and 5.13 compare the data for FR-4 plate to the behavior of an 

isolated upward-facing plate, Eqn (1.8a), and to the lower limit of three-dimensional 

conduction established by a numerical finite element model. In keeping with Eqn (1.8a), 

both Nu and Ra are based on the characteristic length scale L=As/P for the square source. 

The three-dimensional conduction limit was determined from a finite element model of 

the conduction from the FR-4 plate within the enclosure for H/L = 1 (Appendix D). The 

source-mounted heat flux gage measurements are used for Fig S. 13 and airside 

temperature measurements for Fig. 5.14, respectively. There is close agreement between 

the two measurements and therefore, airside temperatures will be used for fiuther 

analysis of the convection measurements. This also demonstrates that the measurement 

of average heat transfer coefficient using the heat flux gage can be used for FR-4 as well 

when interested in the source measurements only. The airside measurements are used for 
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the following analysis as they capture the local heat transfer behavior, unlike the heat flux 

gage that averages the heat transfer over the source. 

Unlike the balsa wood case (Fig 4.14), the behavior of the source for FR-4 (Fig 

5.14) is not bounded by the isolated upward-facing plate, Eqn (1.8a), at high H/L and by 

the three-dimensional conduction at low H/L. The data does not show the transition to 

the conduction limit for FR-4; the NUL is significantly higher than that for three-

dimensional conduction limit even for small H/L and exceed the isolated-source limit for 

H/L above 8 that would be expected from a horizontal plate of characteristic length L. 

This is partly due to air velocities in the vicinity of the source being higher within an 

enclosure than from an isolated source, due to plume formation and backflow within the 

enclosure. But v^re believe this is also due to the failure of the source length scale L to 

properly characterize the behavior of a source whose apparent size has been increased by 

board conduction. 
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5.2 IS-CU plate 

The IS-CU plate is a l.S7mm thick FR-4 plate with a single layer of 0.036nun 

thick copper clad on the source side. The small amount of highly conductive copper 

(396W/m-K compared to FR-4's 0.3 W/m-k) causes the effective thermal conductivity of 

the IS-CU plate to be 9W/m-K, that is more than an order magnitude higher than that of 

FR-4. This change in thermal conductivity manifests itself into stronger heat spreading 

into the board and more dominant convection, far in excess of the isolated source 

correlations. 

5.2.1 Plate Surface Temperatures for IS-CU 

Fig 5. IS shows the surface temperature distribution for H/L = 1 and this 

distribution is typical of all data obtained for IS-CU. As is the case with FR-4 plate, the 

temperature distribution is approximately synunetrical about the source centerline 

because the plate is horizontal. Figures 5.16 through S.19 show the surface temperatures 

for H/L values of 2,4,8 and 12 with the source powered at Q s 0.8, 1.6,2.4,3.2,4.0 and 

4.8 W for each H/L value. Even at the smalt H/L, there is significantly more conduction 

from the source into the plate than FR-4 in corresponding Figs 5.1 through 5.5. There is 

substantial spreading of heat from the source into the surrounding plate region. The 

temperature exhibits an inflexion point close to the effective source radius as discussed 

by Lall et al. (1994) and has a smooth slope beyond the three radii observed for FR-4, 

due to the increased board conductivity for IS-CU case. 
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Fig 5.20 shows the overall thermal resistance between the source and the wall, Oja 

for all aspect ratios and source powers. In all cases, the resistance monotonically 

decreases with aspect ratio and source temperature. There does not seem a a limiting 

behavior at small H/L. However, at large H/L, there seems to be a limit that is a strong 

function of source power. The overall resistance is lower than the previous cases. Figiire 

5.21 shows the variation of the local heat transfer coefficient h(x) from airside 

temperature measurements. The heat transfer coefficient h monotonically increases with 

enclosure aspect ratio H/L and total power dissipation. In comparison the FR-4, the IS-

CU local heat transfer is more spread out over the region beyond the source, signifying a 

strong plume and cellular backflow within the enclosure. As is the case with FR-4, it is 

dependant on enclosure height up to H/L around 4 with a weaker dependence at greater 

H/L values. 
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5.2.2 Airside Results for IS-CU 

The airside temperature for IS-CU as a function of vertical distance y from the 

source at a fixed source power of 4.8W for varying H/L values of 1,4, 12 is shown in Fig 

5.22. Comparing the airside temperatures for FR-4 to the Balsa Wood (Fig 4.8) and FR-

4, there is no approximately linear temperature drop from the source to the opposing cold 

wall here. Therefore, the conduction limit is not reached here at H/L = 1, similar to the 

FR-4 plate. The airside temperature distributions show that at increasingly high H/L, the 

temperature within the central plume rising from the source does not change with vertical 

distance very strongly. There is little doubt that this case begins to approach the case of a 

uniform heated lower surface. 

Figure 5.23 shows the local heat transfer coefficient h(x) determined by making 

these airside temperature gradient measurements across the central plane of the source for 

source power of 4.8W. The data in Fig 5.24 shows that for the range of aspect ratios H/L 

studied, the local heat transfer coefficient shows a peak near the center of the source that 

is characteristic of plume-like behavior, with the peak exceeding the average heat transfer 

value by 10% - 30%. This data corroborates the hypothesis that even at low aspect 

ratios, a conduction limit is not reached for the IS-CU case. This signifies a stronger 

plume-like bulk convection behavior with increasing H/L, representing a stronger 

dependence on L than on H/L. 
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5.2.3 Analysis for Conduction and Convection Limits for IS-CU 

In order to normalize the data, it is essential to plot it using non-dimensional 

parameters, Nu and Ra, similar to the Balsa wood plate. Fig. S.2S shows the variation of 

NUH with RaH and compares it to Eqn(l.lO) by Globe and Dropkin. Similar to the balsa 

wood (Fig 4.11) and FR-4 (Fig 5.11), the IS-CU plate provide much higher value of NUH 

coefRcient than the behavior expected from available literature's Eqn (1.10). The 

substantial difference between the two is attributed to the choice of the enclosure height 

H as the length scale. Clearly, the enclosure height H alone cannot provide insights into 

the characteristics of the problem, a Hnding shared with the balsa wood and FR-4 plates. 

Figures 5.26 and 5.27 compare the data for IS-CU to the behavior of an isolated 

upward-facing plate of characteristic length L, Eqn (6a), and to the lower limit of three-

dimensional conduction established by a numerical finite element model. In keeping 

with Eqn (6a), both Nu and Ra are based on the characteristic length scale L=As/P for the 

square source. The three-dimensional conduction limit was determined from a finite 

element model of the conduction from the IS-CU plate within the enclosure. The source-

mounted heat flux gage measurements are used for Fig 5.27 and airside temperature 

measurements for Fig. 5.28, respectively. There is close agreement between the two 

measurements and therefore, airside temperatures will be used for further analysis of the 

convection measurements. It is interesting that even for a relatively high conductivity 

plate, the heat flux measurements are fairly representative of the averaged heat 

conduction into the plate. The airside measurements are used for the following analysis 
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as they capture the local heat transfer behavior, unlike the heat flux gage that averages the 

heat transfer over the source. 

Much like the FR-4 case, the behavior of the source for IS-CU is not bounded by 

the isolated upward-facing plate, Eqn (6a), at high H/L and by the three-dimensional 

conduction at low H/L, as shown in Fig 5.28. The data does not show the transition to 

the conduction limit for IS-CU; the NUL is significantly higher than that for three-

dimensional conduction limit even for small H/L and exceed the isolated-source limit for 

H/L above 2 for the same reason as previously discussed for FR-4. 

A comparison of the results from balsa, FR-4 and IS-CU plates was performed in 

order to determine the parameters that govern the transition fi-om conduction limit to 

convection for this conjugate conduction-convection problem. 
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5.3 Comparisons for the Three Plates and Correlations 

There are three conductivities studied here: 0.055W/m-K, 0.3W/m-K, and 

9.0W/m-K, representing a range if more than two orders of magnitude. Figure 5.29 

shows the comparison of the two limits of H/L investigated for the three boards: H/L s: 1 

and 12. As is expected from the previous data and discussion, at small H/L of 1, the 

Balsa wood layer reaches the conduction limit with almost constant NUL for the source. 

From Appendix D, the following correlation seems to provide the best fit for the range of 

board conductivities (ks/kf = 2 to 304) and enclosure heights 6.35nmi to 76nun (H/L s 1 

to 12) considered: 

where, ks and kf is the thermal conductivity for the substrate and fluid, respectively. 

The NUL for FR-4 and IS-CU is significantly more than the conduction limit and 

therefore, there is already convection present in these cases. For H/L of 12, there is 

convection present for all three boards, with improved performance as the board 

conductivity increases. A motivation for this study is to determine correlations for 

discrete sources on conducting plates. The data in Fig 5.29 can be tightened in a more 

consistent manner when the length scale of thermal footprint as developed by Lall et al 

(1994) is used. 

Nu =  l - 0 . 0 3 5 M k , / k f )  
f „ \-0.3-0.(M4.lii(*,/*,) 

for H/L <4 (same as Eqn D.l) 
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5.3.1 Thermal Footprint Correlations 

As explained in section 2.3 and Lall et al (1994), the "thermal footprint" radius is 

the unambiguous definition of the size of the heat source when board conduction enlarges 

beyond its geometric size. The approach from section 2.3 is used to calculate the thermal 

footprint radius from the experimental measurements by extending the tangent line of the 

surface temperature curve at the inflexion point. Airside temperature measurements, 

shown in Figs 4.9,5.9, and S.23 are used to determine the heat transfer coefficient over 

the footprint radius. These calculated values of tt and heat transfer are used to determine 

Nurf and Rarf. 

Figure S.30 shows the dependence of Nurf (based on airside measurements) on 

Rarf for Balsa wood parametric on H/L. The behavior of the source for balsa wood is 

approximately bounded by the three-dimensional conduction limit at low H/L and the 

isolated upward-facing plate, Eqn (1.8a), at high H/L. The footprint radius is very 

similar in magnitude to the actual device radius. The conduction at low H/L transitions to 

convection within the enclosure at higher H/L. Figure 5.31 shows the dependence of Nurf 

(based on airside measurements) on Ra^f for FR-4 parametric oa H/L. Unlike the balsa 

wood case, the behavior of source for FR-4 is not bounded by three-dimensional 

conduction limit at low H/L. The data does not show a trend towards a conduction limit 

at low H/L or low source power; and Nurf exceeds the isolated source limit from Eqn 

(1.8a) for H/L above 8. Figure 5.31 shows the dependence of Nurf (based on airside 

measurements) on Rarf for IS-CU parametric on H/L. Like the FR-4 case, the behavior 

of source does not show a trend towards a conduction limit at low H/L or low source 
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power; and Nurf exceeds the isolated source limit from Eqn (1.8a) for H/L above 4. 

Therefore, the plots depict a trend for nearing conduction limit for low conductivity and 

low H/L only for balsa wood; convection in always present for higher conductivity plates 

and becomes stronger as H/L or source power increases, exceeding known correlations. 

Fig 5.33 shows the variation of Nu and Ra, both based on thermal footprint, as a 

function of board conductivity and H/L. At small H/L, the thermal behavior is dominated 

by the thermal conductivity of the plate. The balsa wood plate approximates the 

conduction limit nearing the Nu value of 1. The FR-4 and IS-CU plates also exhibit 

behavior that seems to indicate an approach their own respective conduction limits, at 

low source power. However, the scaling on the thermal footprint is not sufficient to unify 

the results. It can be anticipated that the three dimensional conduction limit depends both 

on H and the footprint radius, and hence cannot be captured with a single length scale 

correlation. On the other hand, at high H/L value of 12, the data for Nu and Ra based on 

thermal footprint are certainly collapsed, forming a continuous correlation well described 

by a power law form: 

= 0.329J?a,^"'' (5.2) 

where 0.367 and 0.354 are independent of the thermal conductivity of the board and H/L. 

This conflation will apply to natural convection from a discrete heat source in a shallow 

enclosure and will provide a Nu value higher than the isolated source correlation of 

0.54*Ra'^'^ due to strong backflow and bulk convection from a plume-like currents within 

the enclosure. At least for the case of large enclosure height, it is relatively clear that the 

effective source size is the controlling length scale, and the footprint radius is an adequate 
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descriptor of this length. As expected, Fig. 5.33 points out that both the source size and 

enclosure height are both relevant at small enclosure height. Formulation of a correlation 

based on a single length scale is thus misguided. Alternate approaches for determining 

correlations for different length scales are described in the following section. 
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5.3.2 Weighted Nu and Ra Correlations 

Another way to analyze the data is cross-plot the behavior of the source across 

different length scales. Fig. 5.34 shows the variation of NUL, based on source size L, with 

weighted RaL*=RaL.(L/H) for balsa wood. The behavior is seen to coincide with the 

conduction limit for low values of H/L for balsa wood. At higher H/L values, there is 

departure from the conduction limit. Figs. S.3S and 5.36 show the variation of NUL with 

weighted RaL*=RaL.(L/H) for FR-4 and IS-CU. These plots show that for FR-4 and 

IS-CU, there is significant departure from the conduction limit even at low H/L, as is 

evident from the previous plots. Therefore, scaling the data on NUL, based on source size 

L, and weighted RaL*=RaL.(L/H) does not provide any specific length scale that 

characterizes the behavior of the flow in the enclosure. 

An attempt to analyze the data at low aspect ratios is to plot the weighted 

improvement in Nu above the theoretical thermal conduction limit as a function of Ra as 

shown in Figs 5.37 and 5.38. The weighting used is (b/H) for Fig 27 and (b/H)*(ks/lCf)'̂ '" 

for Fig 5.38. These two figures allow all the data for the three conductivities and various 

values of H/L to be examined on one plot. The scaling in Fig 5.38 makes the data for 

FR-4 and IS-CU almost overlap and exhibit a power relationship of the order 

(NuL-Nu3iM:ood)* (b/H)*(k,/kf)-®'' = 0.018. Ran" (5.3) 

where 0.018 and 0.41 are constants independent of board thermal conductivity and H/L; 

Nu3D.cond is calculated from the correlation in Appendix D. The balsa wood case matches 

this trend for H/L greater than 4, but the correlation clearly fails to unify the results for 

conducting and non-conducting plates at smaller values of H/L. 
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Another approach is to analyze the data using weighted NUL* and Ran* which are 

defined as following; 

Nul 

Ra„ =Raff 

In 
kf \ ' J 

-0.15 r^\o.5i 

In 

J'' J 

-0.085 

(5.4a) 

(5.4b) 

The weighted Nu based on L and Ra based on enclosure height H are plotted for Balsa 

wood in Fig. 5.39. Figure 5.39 shows that the behavior begins ftom the conduction limit 

for low H/L and asymptotically approached a power law at higher H/L, characteristic of 

convection-driven flow. A line of best fit is used to determine the power law for the 

convection. There are two asymptotic limits: the three-dimensional conduction limit at 

low H/L and the fully-developed convection limit for conjugate conduction-convection in 

an enclosure, as shown in Fig 5.39. For the two asymptotic limits, an attempt was made 

using Churchill's method (Eqn 3.26) to derive an approximate function that passes 

through both asymptotes and all intermediate values. The blending function fails to catch 

all the intermediate points for Balsa wood. 

For FR-4 and IS-CU, Figures 5.40 and Fig 5.41 show that the behavior does not 

begin at the conduction limit for low H/L and there is already onset of convection that 

asymptotically approaches a power law at higher H/L, characteristic of convection-driven 

flow. As in the case with Balsa wood, a blending function approach to derive a 

approximate function does not capture the intermediate values for FR-4 and IS-CU. 
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Fig. S.42 shows the data for all three conductivities for NUL* and Ran - it is 

noticeable that the IS-CU behavior is closest to the blending function. The asymptotic 

power law for the convection limit is determined from the line of best Ht as: 

Nu^ = 0295{Ra„'f^^ (5.5) 

where NUL* and Ran* are defined per Eqn (5.4a) and (5.4b), respectively. It is interesting 

to note that Eqn (5.5) shows a stronger power dependence of0.262 on RaH*, when 

compared to 0.25 from Eqn (1.6a) for an isolated source. The corrections needed are for 

the appropriate weighting of the NUL* and RAH* to incorporate the effect of heat spreading 

for the source on a conducting plate and the thermal convective flows with backflow 

within an enclosure. 

Another approach was attempted to analyze the data using weighted NUL** and 

Ran which are defined as following: 

r / VI 
A/Wt" = A/Wt'— In 

Ji 

f ̂  "^OJS 
(5.6a) 

The weighted NUL** and Ran are plotted for all three conductivities in Fig. 5.39. It is 

noticeable that the IS-CU behavior is closest to the blending function. The asymptotic 

power law for the convection limit is determined from the line of best fit is: 

Nui^ = 0.295(*a;,)°^^ (5.6b) 

Alteroaively, NUL was plotted against Rau** for all three conductivities in Fig 5.44, where 

RaH** is defined as: 

=Ra, (k 11 
In 

K ' J} 

0.4886 

r ]  
-X099 

(5.7a) 
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Figure 5.44 shows that the convection limit is derived to be: 

= 0.295(/?fl„**)°^ (5.7b) 

There are two asymptotic limits: the three-dimensional conduction limit, Eqn D.l 

(Appendix D), and the plume convection limit defined by Eqn 5.7b for a shallow 

enclosure with a discrete heat source. For the two asymptotic limits, an attempt was 

made using Churchiirs method (Eqn 3.26) to derive an approximate fimction that passes 

through both asymptotes and all intermediate values. The blending function with n s -l 

provides the following correlation from Eqn 5.7b and Eqn D.l: 

It is to be noted that Eqn (5.8) derived from the blending function is valid for H/L > 12 

and fails to catch all the intermediate points for H/L <12. 

+0.295(^a„**) 
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5.4 Summary 

Data were presented for three board conductivities that span a wide range of 

O.OSSW/m-K to 9.0 W/m-K, for a single source size and a single plate size for an 

upwards facing source with the back side of the board insulated. Airside temperature 

measurements were used to determine local heat transfer coefficients over the source and 

the conducting plates. The overall thermal resistance of the source decreases at the board 

conductivity and H/L increases. The sensitivity of the overall thermal resistance to the 

heat transfer coefflcient of the source is much higher for low enclosure heights than for 

large enclosure heights. For thermal design, therefore, it is more important to accurately 

model h for small enclosures than it is for large enclosures. 

For low values of H/L and for low board conductivity, the h approaches a 

conduction limit, where it becomes independent of AT. Correlations were presented for 

the asymptotic limit of three-dimensional heat transfer from a discrete heat source in an 

enclosure. At higher board conductivities and higher enclosure heights, the heat transfer 

is increasingly dominated by convection, due to plume-like behavior within the 

enclosure. Backflow within the enclosure seems u> produce a slightly higher value of h 

than a horizontal isolated plate in an infinite medium as published in the literature. In 

this high aspect ratio enclosure, the heat transfer irom the source scales primarily on the 

effective source radius developed by Lall et al (1994). At low aspect ratios, a conduction 

limit was readily observed for the source on the non-conducting plate. In the presence of 

conjugate plate conduction, however, a conduction asymptote seemed to be suggested by 

the behavior of the data, but this asymptote was not described by single length scale 
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correlation. It was found that the thermal footprint is the appropriate length scale for the 

convection heat transfer in this conjugate problem and correlations were presented. 

Alternatively, correlations were also presented for weighted NUL for the asymptotic limit 

of conjugate heat transfer from a discrete heat source in an enclosure and these 

correlations were found to provide a higher power dependence on Ra than the isolated 

source correlation available in literature. 
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Figure 5.1. Surface Temperature Profile for FR4 at H/L = 1. 
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Figure 5.2. Surface Temperature Profile for FR4 at H/L s 2. 



Q = 0.1W 

Q = 0.2W 

Q = 0.3W 

Q = 0.4W 

Q = 0.5W 

Q = 0.6W 

Figure 5.3. Surface Temperature Profile for FR4 at H/L = 4. 
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Figure 5.4. Surface Temperature Profile for FR4 at H/L = 8. 
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Figure 5.5. Surface Temperature Profile for FR4 at H/L = 12. 
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Figure 5.7. Variation of source-averaged heat transfer coefficient (measured with heat 
flux gage) on H/L for FR-4 parametric on source power Q. 
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Figure 5.9. Airside h(x) for FR4 parametric on H/L with source power of 0.6W. 

1.4 

1.2 

1 

10.8 

J 
2 0.6 

0.4 

0.2 

0 

4* 

» 
•» Q 

• H/L=l;FR-4 
oH/L=2;FR-4 
aH/L=4;FR-4 
• H/L=8;FR-4 
• H/L=12:FR-4 

i 
I 

• 
2 
a 

t 

-3 -1 ;(nL) 
1 
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Figure S. 12. Dependence of source-averaged NUL (based on heat flux gage 
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Figure S. 16. Surface Temperature Profile for IS-CU at H/L = 2. 
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Figure 5.17. Surface Temperature Profile for IS-CU at H/L = 4. 
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Figure 5.18. Surface Temperature Profile for IS-CU at H/L = 8. 
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Figure S. 19. Surface Temperature Profile for IS-CU at H/L = 12. 
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Figure 5.20. Dependence of source-averaged 6ja on H/L for IS-CU parametric 
on source power. 
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Figure 5.22. Airside temperatures for IS-CU for H/L = 1,4,12 with source at 4.8W. 
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Figure 5.23. Airside h(x) for IS-CU parametric on H/L with source power of 4.8W. 
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Figure 5.25. Dependence of source-averaged NUH (based on heat flux gage 
measurements) on Raw for IS-CU parametric on H/L (log scale). 
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Figure 5.26. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for IS-CU parametric on H/L (linear scale). 
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Figure 521. Dependence of source-averaged NUL (based on heat flux gage 
measurements) on Rat for IS-CU parametric on H/L (log scale). 
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Figure 5.28. Dependence of source-averaged NUL (based on airside measurements) on 
Rat for IS-CU parametric on H/L (log scale). 
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Figure 5.30. Dependence of Nurf (based on airside measurements) on Ra^ for Balsa 
Wood parametric on H/L Gog scale). 
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Figure 5.31. Dependence of Nu^ (based on airside measurements) on Ra^ for FR-4 
parametric on H/L (log scale). 
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Figure 5.32. Dependence of Nurf (based on airside measurements) on Ra^ for IS-CU 
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Figure 5.33. Variation of Nurf as a function of Ra^ parametric on board conductivity 
(hollow symbols; H/L = 0.25, solid symbols: H/L = 12) 
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Fig. 5.34. E)ependence of source-averaged NUL on Ra^s RaL.(L/H) for Balsa parametric 
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Fig. 5.36. Dependence of source-averaged NUL on Ra*= RaL.(L/H) for IS-CU parametric 
onH/L 
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Fig. 5.37. Variation of (NUL -NU3D)*b/H as a function of Ran parametric on board 
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Fig. 5.38. Variation of (NUL -NU3D)*B/H*(KS/KF)"® " as a function of RaH parametric on 
board conductivity and H/L. 
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Fig. 5.39. Dependence of source-averaged Nut^on RaH* parametric on H/L for Balsa 
Wood. 
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Fig. 5.40. Dependence of source-averaged NuL*on RaH* parametric on H/L for FR-4. 
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Fig. 5.41. Dependence of source-averaged NuL*on RaH* parametric on H/L for IS-CU. 
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Fig. 5.42. Variation of source-averaged NuL*on Ran* parametric on H/L for all three 
conductivities. 
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Fig. 5.43. Variation of source-averaged NUL** on Ran parametric on H/L for all three 
conductivities. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

Experiments were performed to characterize the conjugate heat transfer due to a 

square flush heat source mounted at the center of a square horizontal plate in a small 

horizontal enclosure. The plate area was six times the area of the source and three 

different plate conductivities were considered: a 2Smm thick balsa wood plate 

(0.055W.m-K), a 1.57 mm thick FR-4 plate with no copper (0.3W/m-K) and a 1.57 mm 

thick FR-4 plate with a single layer of 0.036nun thick copper cladding on the source side 

(0.3W/m-K). The measurements were performed with the heat source facing upwards 

and back of the board was insulated. The experimental exploration included 

measurement of heat transfer coefficient over the heat source, plate surface temperatures 

distribution and temperature distribution in the air volume above the plate. 

The average heat transfer coefficient over the source measured by the heat flux 

gage was found to be in close agreement with the heat transfer coefficient from airside 

temperature measurements using a micro-thermocouple suspended in the air volume 

within the enclosure. Therefore, the heat flux gage provides an averaged heat transfer 

coefficient that is fairly consistent for the conjugate heat transfer specifically because of 

the construction of the instrumented plates with the heat flux gage sandwiched between 

the source and the plate. This corroborates the validity of these results for use as 

benchmark quality experimental data for conjugate natural convection in shallow 

horizontal enclosures. 



158 

The overall thermal resistance of the source decreases as the plate conductivity 

and H/L increases. The sensitivity of the overall thermal resistance of the source is much 

higher for low enclosure heights that for large enclosure heights. For thermal design, 

therefore, it is more important to accurately model h for small enclosures than it is for 

large enclosures. 

For low values of H/L and for low board conductivity, the h approaches a 

conduction limit, where it becomes independent of AT. The parameters that govern the 

heat transfer at the conduction limit are H/L and ln(k,/kf) and correlations were presented 

for the asymptotic limit of three-dimensional heat transfer from a discrete heat source on 

a conducting plate in an enclosure. At higher board conductivities and higher enclosure 

heights, the heat transfer is increasingly dominated by convection, due to plume-like 

behavior within the enclosure. Backflow within the enclosure seems to produce a slightly 

higher value of h than a horizontal isolated plate in an infinite medium as published in the 

literature. In this high aspect ratio enclosure, the heat transfer from the source scales 

primarily on the effective source radius developed using analytical techniques. 

A new definition of thermal "footprint" or "zone of influence" for the source was 

introduced; the footprint radius was related to the tangent line of the plate's surface 

temperature at its point of inflection. Simple formulae for the radius thus defined by the 

tangent line, termed here as the "footprint radius," and the temperature at this radius, i.e. 

the "footprint temperature," were presented and both were found to be robust, well-

behaved functions. 
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At low aspect ratios, a conduction limit was readily observed for the source on the 

non-conducting plate. In the presence of conjugate plate conduction, however, a 

conduction asymptote seemed to be suggested by the behavior of the data, but this 

asymptote was not described by single length scale correlation. It was found that the 

thermal footprint is the appropriate length scale for the convection heat transfer in this 

conjugate problem at large H/L and correlations were presented. The dependence of Nu 

on Ra based on the thermal footprint radius is stronger than the % power for the isolated 

source in a shallow enclosure. Alternatively, correlations were also presented for 

weighted NUL for the asymptotic limit of conjugate heat transfer from a discrete heat 

source in an enclosure and these correlations were found to provide a higher power 

dependence on Ra than the isolated source correlation available in literature. 

It was found that both the source size and enclosure height are relevant at small 

enclosure height. The hypothesis that a single length scale cannot be used to characterize 

thermal behavior for a source on a conducting plate in a shallow enclosure was found to 

be true. 



160 

6.2 Recommendations 

These experiments were performed with a single size of source mounted on single 

size of plate with the back of the plate insulated. Further investigation on researching this 

problem can be towards a robust correlation that incorporates various other parameters. 

The enclosure width W can be one of the governing parameters for high conductivity 

plates and source sizes comparable to plate sizes. The back of the board can be 

convecting to a medium at the same enclosure temperature or different temperatures. 

There is also the possibility of airside temperature measurements on both sides of the 

plate. Only centerline airside temperattues were measured in this study. There is 

opportunity for measuring temperatures at different planes normal to the plate to allow a 

temperature map for the entire volume of air within the enclosure. The orientation of the 

enclosure to play a significant part in the heat uransfer for shallow enclosures and its 

effect on the source behavior should be challenging. 
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APPENDIX A 

Fabrication of Micro-Thermocouples 

The micro-thermocouples were fabricated from 1 mil (0.02S4imn) diameter 

chrome! and alumel wires from Omega, Inc. The wires were on a spool and had a very 

fine teflon coating. 

There were two kinds of connections to to be made - one of Al-Ch junction with the Imil 

wires and the other between like (Al-Al and Ch-Ch) wires between the 0.02S4mm wires 

and 40 gage (0.0762nmi diameter) wire. 

To fabricate the Al-Ch junction thermocouple, the following steps were followed: 

1. The appropriate length (20-30cm) of 1 mil wire of Alumel and Chromel wires was cut 

from the respective spools. 

2. A simple knot was made using the two wires. 

3. A hot soldering iron was used to melt a bead of solder into its tip. 

4. The knot of Al-Ch wires was passed through this molten bead while maintaining 

slight tension in the wire. 

5. The free ends of the wires were passed over the soldering iron (without solder) to 

bum away the insulation. 

6. The thermocouple junction was tested for connectivity using the free ends. 

7. If process failed, the knotted length was cut off and steps 2-6 above followed. 
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The 0.0254inm diameter wire was extremely Hne and very delicate. In order to make the 

setup rugged, extensions were added using thicker (40 gage) wires of like materials. For 

the fabrication of the connection between two wires of same material, the following steps 

were followed: 

1. The appropriate length (120-1 SOcm) of 40 gage wire of Alumel (or Chromel) wire 

was cut from the respective spool. 

2. Insulation was stripped from about 20nun off one end of the 40 gage wire. 

3. A metal loop was formed using the 40 gage; the 0.02S4nmi wire was passed through 

this loop and a knot tied. 

4. A hot soldering iron was used to melt a bead of solder into its tip. 

5. The knot of wires was passed through this molten bead while maintaining slight 

tension in the wire. 

6. The steps 1-S were repeated for the other polarity wire. 

7. Insulation was stripped for lS-20nmi off the free ends of the 40 gage wires. 

8. The thermocouple junction was tested for connectivity using the free ends. 

9. If process failed, the knotted length was cut off and steps 2-8 above followed. 

A total of 70-100 thermocouples were fabricated during the work. 
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APPENDIX B 

Calibration of heat flux gage 

In the present problem, the measurement of heat conducted into the plate from 

the source required the use of microfoil heat flux sensor from RdF Corporation: model# 

20457-3. The microfoil heat flow sensor is a differential thermocouple type sensor which 

utilizes four thin foil type thermopile bonded to both sides of a known thermal barrier, 

viz. Kapton. The difference in temperatures across the thermal barrier is proportional to 

the heat flow through the sensor. Each thermopile has ten K-thermocouple junction to 

provide high sensitivity of the heat flux. The output from the heat flux gage is a voltage 

difference across its terminals that is proportional to the heat flux through the thermal 

barrier. To be able to use the heat flux sensor, it was necessary to calibrate it. 

Fig. B. 1 shows a schematic of the apparatus for calibration of the heat flux gage. 

The underlying principle is to provide a measured one-dimensional heat conduction 

through the flux gage and measure the voltage difference across the terminals. In order to 

provide one-dimensional heat conduction, a heater was sandwiched between two heat 

flux gages and then clamped between two square aluminum rods with a cross-section of 

2.54cm X 2.54cm. Thermally conducting adhesive tape (Imil thick 3M tape) was used to 

the flux gages and heater together. K-type thermocouples were located at Snun intervals 

along the length of the aluminum rod. The ends of the rods were cooled with copper 

coils with insulation and two layers of radiation shields. This was done in order to 

minimize the heat loss to the surroundings. The heater was powered up to provide a 
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substantial temperature drop across the length of the aluminum rods. The calibration was 

performed in a wooden room that was isolated from external drafts in the building. From 

an energy balance, a negligible amount of heat loss was found to occur from the 

apparatus. Calibration was performed at five heat flux levels for each heat flux gage. All 

temperatures were referenced to an ice-point through an isothermal zone box. 

.». 

Figure. B. 1 Schematic of heat flux gage calibration setup. 
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APPENDIX C 

Prints of Experimental Apparatus 

Fabrication of the experimental setup involved a major effort, including design of the 

enclosure, creation of the prints, procurement of the material, machining and assembly. 

Prints for the custom parts are provided here. 
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APPENDIX D 

FEA model for Three-dimensional Conduction 

Numerical calculations were done using a FEA conduction-only model. Three plate 

conductivitis were used, with their respective values of ks/kf: Balsa Wood: 1.964, FR-4: 

10.71, IS-Cu: 303.9. The results for grid independence of the model is shown in Fig D. 1. 

As a result of the grid-independence tests, 5,000 nodes were used for the model used for 

the simulations. 

From Fig. D.2, the NUL for three-dimensional conduction decreases with increase in H/L 

and ks/kr. It was found that ln(ks/kf) is instrumental in collapsing the large variations in 

ks/kf. The following correlation seems to provide the best fit for all three conductivity 

range of Balsa tolS-CU 2 to 304) and enclosure height range of 6.3Smm to 76mm 

ltol2): 

si-0.035.ln(it,/it^) 
f >^-OJ-0.044.to(*,/*,) 

ioT H/L < A (D.l) 

where, K and kf is the thermal conductivity for the substrate and fluid, respectively. 

The above correlation for a conducting plate with a discrete heat source in a shallow 

isothermal chamber provides good agreement to numerical results (within 1-6%), except 

for the copper plate at enclosure heights of more than 25.4nun. For highly conductive 

plates {kAf in 100s), when the enclosure height ^ is comparable to enclosure width W 

(152mm in this case), there is significant conduction to the sides causing higher spreading 

resistance. Under such conditions, the above correlation provides a higher Nul than 
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numerically calculated, and the problem is a highly coupled one with the enclosure being 

no longer shallow and significant dependence on thermal transfer to enclosure sides. 
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