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Natural convection liquid cooling from three uniformly

heated protruding elements, simulating evenly spaced, ver-

tical, plate-mounted electronic components facing an oppos-

ing unheated plate within an enclosure maintained at con-

stant temperature, was numerically investigated. Two-

dimensional coupled conduction and natural convection gov-

erning equations were solved, based upon finite control

volumes for a wide range of Rayleigh numbers. Dielectric

liquids, including distilled water, FC-75, and ethylene

glycol, were employed as coolants for a Prandtl number

range from 5.9 to 103. Modified channel Rayleigh numbers

and channel Rayleigh numbers from 104 to 1010, based on

five channel spacing to vertical plate height ratios (b /h),

respectively, 0.2, 0.267, 0.333, 0.4, and 0.5, were ana-

lyzed.
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Protruding surface temperatures of the uniformly

heated elements were lowest for water, followed by ethylene

glycol, and were highest for FC-75. Three distinct flow

patterns were observed for the protruding heated channels:

reversed flows due to the effect of circulation at the top

portion of the enclosure, relatively high velocity flows at

the front of the heated elements, and relatively weak flows

adjacent to the unheated shrouding plate.

Optimum channel spacing to height ratios were analyzed

to determine effective temperature reductions for the pro-

truding heated surfaces. For water, FC-75, and ethylene

glycol, subject to varied heat input levels, optimal ratios

were, respectively, 0.333, 0.4, and greater than 0.4. The

most favorable correlations of protruding vertical channels

for all cooling liquids combined were

and

Nub = 1.6539 [(b)Rab*

10.1371

Nub = 1.4902 [(=b )Itab
n

with standard deviations of 9.75% and 9.76%, respectively,

for 5.9 -:_< Pr 103, 0.2 :_< blh :<_ 0.5, and 1.03 -E R1 9.8,

where R1 is the solid heating element to liquid thermal

conductivity ratio.
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Numerical Analysis of Liquid Cooling by Natural Convection

for Heated Protrusions Simulating Vertical Plate-Mounted

Electronic Components Facing an Opposing Plate

CHAPTER 1

INTRODUCTION

Throughout its existence, the electronics industry has

strived to improve the reliability of electronics systems

by the reduction of system operating temperatures and the

junction temperature among system components. Recently,

electronics systems have been rapidly shrinking in size,

while at the same time the complexity and the capability of

these systems continues to grow. Thus, system volumes have

decreased as system power has increased, resulting in dra-

matic increases in system heat density.

It was recently determined that the peak heat fluxes

in a newly manufactured computer circuit were several times

greater than for a comparable circuit in an older computer

[1,2]. For the 25-year period indicated in Figure 1.1, the

rates of increase for module level heat fluxes were the

most dramatic in the final five years of the period in

question. At the same time, allowable operating tempera-

tures have been maintained at relatively constant levels, a
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factor which makes the cooling problem an even greater chal-

lenge within the electronics industry.

4

0
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IBM
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Fig. 1.1 Trend in heat fluxes at the module level [1,2].

Unless they are matched by improvements in cooling

capacity, the power densities that exist within modern

large -scale computers could result in operating tempera-

tures that will be sufficiently high to degrade electrical

performance and system reliability. In some cases, severe

physical damage to the powered components may result. The

issue resides within the need to control temperatures for

each system component to ensure the manufacture of reliable

electronic systems. Therefore, the basic heat transfer

problem evidenced in electronic systems is the removal of

internally generated heat by the provision of adequate heat
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flow paths from the sources of heat to an ultimate sink,

which is often the surrounding fluid.

Due to the extent and variety of industrial applica-

tions which may be affected, numerical heat transfer in

vertical channels with discrete protruding heat sources,

simulating electronic integrated circuit (IC) elements

surface-mounted on parallel vertical printed circuit boards

(PCB), has received an increasing amount of attention.

Electronics industry engineers have sought means to add to

the cooling capacity of electronic packages. However,

efficient cooling cannot be achieved in the absence of the

ability to understand the heat transfer processes, includ-

ing the flow and thermal fields applicable to each specific

model of manufacture.

Figure 1.2 illustrates an array of heated blocks at-

tached to an unheated vertical plate with an opposed, un-

heated shrouding plate, used for the investigation of natu-

ral convection in a vertical channel. In the illustration,

the uniform heat sources of the protruding arrays are all

equal and the arrays, viewed as rectangular cross section

areas, are evenly spaced and mounted horizontally on the

vertical plate. Dielectic fluids at different Prandtl

numbers are employed as the working fluids. This computa-

tional model is of practical importance insofar as it simu-

lates the case of heated ICs or electronic modules mounted

on PCBs. The opposing unheated shrouding plates shown in

Figure 1.2 may be considered as an unheated PCB on which a
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l L 1

Fig. 1.2 Schematic diagram of fluid-cooled
protruding heating channel.



5

number of small elements, insignificant as heat generators,

have been placed.

When the blocks are heated, a buoyancy-driven flow

occurs as each heated block induces an upward buoyancy

boundary layer flow. In turn, each protruding block is

characterized by a rising flow, which then may have an

effect upon neighboring rising flows at points downstream.

The overall rising flow accelerates as it proceeds down-

stream. Thus, the overall boundary layer builds up and

thickens near the upper blocks. This type of buoyancy flow

may be changed by unheated shrouding plates placed in rela-

tion to protruding heated plates at certain channel spac-

ings. However, the interaction of thermal energy spread

and momentum diffusion within the vertical channels makes

it difficult to provide accurate analyses of the prediction

of the natural convection processes. From numerical compu-

tations, it may be possible to determine whether the de-

scribed interactions enhance or reduce natural convection

heat transfer rates.

The problem under consideration in Figure 1.2 has been

examined numerically, based upon the finite control volume

methods described by Patankar [3], a procedure which in

turn is based upon the application of the SMAC algorithm

[4]. This investigation is based upon the recognized prin-

ciple that buoyancy flows may be modified when an unheated

wall is placed parallel to and opposite to a protruding

element plate distinguished by selected finite spacing
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between the plates. With reference to the problem consid-

ered in Figure 1.2, the objectives of the present numerical

analyses of heat transfer were as follows:

1) Determine the natural convection heat transfer

characteristics of a vertical channel with pro-

truding discrete heat sources;

2) Identify the heat transfer effects of unheated

walls;

3) Describe the geometric parameter effects of the

heat transfer process;

4) Obtain steady-state streamline flow patterns and

thermal distributions in isothermal lines;

5) Propose the most favorable numerical correlation

in the form

*
Nub = f ( b-,- Rab) and Nub = f (, b Rad ;

n n

6) Compare the numerical output with experimental

results obtained from consideration of a similar

model; and

7) Determine the outline of the optimal geometric

parameters for strong heat transfer effects in

cooling the heated modules with various fluids.

The natural convection flow and heat transfer rate may

be altered, dependent upon the specific boundary condi-

tions, the geometric configuration, and cooling properties.

The advantage of natural convection cooling is that no fans

or blowers are required to move fluids. Rather, fluid
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movements are induced by the density differences which re-

sult from the heat generated by electronic components. A

number of dielectric coolants have been considered as can-

didates for working fluids for present generations of nat-

ural convection models. These candidates include air, dis-

tilled water, fluorochemicals (FC-75, FC-77, or FC-78), and

ethylene glycol. However, since it is the usual fluid

source for forced convection, air cooling by natural con-

vection has proved to be inadequate. Air cooled by natural

convection remained too hot even when relatively small heat

inputs were supplied. This indicated that air cooling by

natural convection would be unable to support the packaging

densities and heat flux levels required in recent genera-

tions of mechanical systems (Fig. 1.1). Therefore, for the

present study of heat transfer capabilities and the temper-

ature limits of operations, distilled water, FC-75, and

ethylene glycol were the dielectric cooling liquids consid-

ered.

Numerical computations were performed for a range of

governing parameters frequently encountered in actual ap-

plications. The input levels were as given in Table 1.1.

Based upon channel spacings, the Rayleigh number ranged

from 2 x 105 to 2 x 1010. Prandtl numbers were varied

from 5.9 to 103. The ratios of channel spacing to PCB

height ratios (b/h) considered were 0.2, 0.267, 0.333, 0.4,

and 0.5, whereas the heated element width to channel spac-

ing ratios (1c/b) were 0.267, 0.333, 0.4, 0.5, and 0.667
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and the heated element height to channel spacing ratios

(B/b) were 0.333, 0.417, 0.5, 0.625, and 0.833.

Table 1.1 Parameter values used for
numerical computations

Dimensionless
parameters Minimum Maximum

Unfixed

Pr 5.9 103.0

Rah 2.0 E+5 2.0 E+10

kq1 /kf (= R1) 1.03 9.8

kg,/kf (= R2) 0.43 4.05

b/h 0.2 0.5

1,Ib 0.267 0.667

B/1, 1.0 0.526

B/b 0.333 0.833

Fixed

H/B 10

L/B 6

h,/B 2

hh/B 0.5

hr. /B 1

h/B 6

/h/B 0.5

1,/B 0.8



CHAPTER 2

LITERATURE REVIEW

2.1 Scope

9

Renewed interest in laminar free convection in verti-

cal channels stems from the increasing number of applica-

tions which require a cooling process for electronic cir-

cuit boards. The microminiaturization of electronic de-

vices has achieved considerable progress with the remark-

able pace of development in electronics engineering. Typi-

cally, vertical printed circuit boards containing any

number of electronic devices are aligned to form vertical

channels. Each circuit generates heat and is thus sensi-

tive to temperature. In modern electronics, the heat is

generated from high power dissipating components such as

transistors and resistors mounted on PCBs, rather than from

the entire PCB itself. Consequently, additional information

on the heat transfer process for heated vertical parallel

plates has become increasingly desirable.

When two parallel plates are placed face-to-face in

vertical positions within a fluid, and where at least one

of the plates is heated, a flow is induced between the

plates due to buoyancy effects. Based upon this principle,

current research directions for natural convection of
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vertically heated surfaces have been changing from interest

in simple flush-heated vertical channels to more practical

considerations: (1) The effects of localized discrete heat

sources along the vertical surface (a case which ignores

the thickness of the chips or modules); and (2) the effects

of a discrete and protruding heated block (a case which

considers the thickness of a block array simulating elec-

tronic components).

As a result, to the extent that previously completed

research is related to the area of interest of the present

investigation, this chapter reviews only a selection of

relevant and important methods and findings. Research

material on heat transfer for electronic and microelec-

tronic equipment reviewed for vertical plates and vertical

channels is categorized in three sections: natural convec-

tion from flush-mounted heat sources; natural convection

from localized discrete heat sources; and natural convec-

tion from protruding discrete heat sources.

2.2 Natural Convection From Flush Heat for Vertical Plates

and Vertical Channels

Problems of heat transfer by means of natural convec-

tion along vertical plates or in vertical channels have

been the subject of investigation for a number of years.

Sparrow and Gregg [5] obtained an exact solution for the

laminar boundary layer equations for the similarity vari-
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able from a vertical plate with uniform heat flux. Heat

transfer parameters were calculated for Prandtl numbers in

the range 0.1 to 100. It was demonstrated that when aver-

age Nusselt numbers were calculated for a plate with uni-

form surface heat flux, based upon temperature differences

at one-half the height, the results were very close to

those for a uniform temperature plate.

Fujii and Fujii [6] proposed a simple and accurate

correlation for the prediction of local Nusselt-Prandtl

relationships for a vertical plate with uniform heat flux.

These relationships were defined as

and

Nu, = C* (Ra;) 1/5 (2-1)

Pr
4 + 9p-1 1/2+ 10Pr

(2-2)

where C* covered any range of Prandtl number. This corre-

lation was directed explicitly for Nusselt numbers as a

simple function of Prandtl numbers. Roy [7], who solved

the free convection boundary layer equations for large

Prandtl number fluids, recommended another relationship for

C*, as given in equation (2-1), and then compared his re-

sults with those obtained by Fujii and Fujii [6] as fol-

lows:
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1C (2-3)
1.5823 + 0.31291pr-1/2 0.0419Pr-1

Churchill and Chu [8] developed correlation equations for

laminar and turbulent free convection for an isothermal

vertical plate. The correlation for the laminar regime was

0.67 ORalt/4
Nu = 0.68 +

[ / 0.492 \9/1-14/9

\ Pr )

Equation (2-4) provided a good representation for all

(2-4)

Rat < 109 . The correlation for the laminar plus turbulent

regime was

Nut /2 = 0.825 +
0.387 Rat/6

(

1+
/ 0.492 \9/16]8/27

\ Pr )

(2-5)

Laminar free convection in heated vertical channels

has been of considerable interest for electronic cooling

applications and, therefore, has been subject to extensive

investigation in the field of heat transfer. Elenbaas [9],

who pioneered studies concerned with the effects of natural

convection between vertical channels, considered the phe-

nomenon of heat dissipation from parallel vertical plates

in air environments and discussed the effects of heat

transfer with respect to the ratio of plate height to chan-

nel spacing. It was demonstrated that heat dissipation in-

creased significantly as the channel spacing was decreased,

attributed to the increase of flow velocity in proportion

to the decrease in channel spacing. The correlation for



symmetrically uniform surface temperature boundary condi-

tions was

3/4
1

4 h
Nub

2
(-b)Rat[l exp(- -2- 5

Ra h
11

t

13

(2-6)

where b is channel spacing and h is the plate height.

Tao [10] examined heat transfer problems for a fully

developed laminar flow of combined free and forced convec-

tion in a vertical channel with constant axial wall tem-

perature gradient, both with and without heat generation,

introducing a complex function which was directly related

to the velocity and temperature fields. Bodoia and Osterle

[11] developed a numerical solution for free convection

between symmetrically heated vertical plates, using the

finite difference method from the basic governing equations

for continuity, momentum, and energy. Based upon the

assumption that the fluid entered the channel at an ambient

temperature and a flat velocity profile, variations in

velocity, temperature, and pressure were obtained through-

out the flow field. The flow and heat transfer charac-

teristics of the channel were determined and height, de-

fined as the distance from the channel entrance to that

position along the channel where the flow approaches its

fully developed values, was estabished. With the exception

of low values of channel Gr, the numerical results obtained

from their study appeared to be in good agreement with the

experimental work of Elenbaas [9].
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Aung [12) presented fully developed flow solutions for

laminar free convecton for a vertical, parallel-plate chan-

nel with asymmetric heating. The channel walls were main-

tained either at uniform fluxes of heat or at uniform wall

temperatures. To account for the asymmetric heating of the

walls, variances from 0 to 1 in wall heat flux ratios, or

in wall temperature ratios, were tested.

Miyatake et al. [13] and Miyatake and Fujii [14]

sought numerical solutions for heat transfer by natural

convection between two vertical parallel plates submerged

in an infinite fluid, where one of plates was uniformly

heated and the other was thermally insulated. It was as-

sumed that the channel inlet and outlet pressures were

equal to the static pressure of the ambient fluid, and that

the fluid entered the channel with a uniform velocity pro-

file. Numerical results were obtained for local Nusselt

values for fluids with Prandtl numbers 0.7 and 10. The heat

transfer correlations for the isothermally heated case were

and

Nub = 0.613 (-1T3RatY.25
, for Pr = 0.7 (2-7)

Nub = 0.68(S?h Ra tx
0.25

for Pr = 10 . (2-8)
)

Miyatake and Fujii [15,16] subsequently performed a numeri-

cal analysis to determine flow development and heat trans-

fer characteristics for laminar natural convection between
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two parallel plates with asymmetric uniform wall tempera-

tures and with asymmetric uniform heat fluxes.

Siegel and Norris [17] experimentally tested free con-

vection between uniformly heated parallel vertical plates

which were partially enclosed. In these experiments, the

top of the rectangular space between the plates was left

open, whereas the bottom and the sides were closed. Re-

sults indicated that the heat input per unit area was sub-

stantially uniform, but that the rise in surface temper-

ature increased and the local Nussult number decreased as

either of the cross-sectional dimensions of the free con-

vection space was reduced.

Sparrow et al. [18] provided both experimental results

and numerical solutions for natural convection in an open-

ended vertical channel where one channel wall was main-

tained at a uniform temperature, while the second principal

wall was unheated. The experiments were conducted with

water in the channel. The numerical results covered a

Prandtl number range from 0.7 to 10. The heat transfer

correlations for the interwall area were

Nub = 0 . 688{(hl 22Ra
t

10.249 for 0.7 < Pr < 10 , (2-9)

where 2 x 102 < (b/h) Rat < 105 .

Levy [19] discussed the problem of determining optimum

spacing between parallel vertical isothermal flat plates

for natural convection heat transfer to the environment.

Results were compared with the optimum spacing for an air
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environment, first suggested in the experimental data de-

rived by Elenbaas [9] and subsequently derived numerically

by Bodoia and Osterle [11]. Levy [19] obtained a criterion

which could be used to determine the minimum vertical iso-

thermal channel spacing required to minimize differences in

temperature between the plates and the fluid.

Burch et al. [20] investigated numerical solutions for

laminar natural convection between finitely conducting ver-

tical plates. Analysis of the physical situation of the

solution involved consideration of both the energy conser-

vation equation for solid walls and the equations of mass,

momentum, and energy conservation for the fluid. Results

were obtained for Grashof numbers 10, 103 and 106, wall-to-

fluid conductivity ratios of 1 and 10, and wall thickness-

to-width ratios of 0.1 and 0.5. It was indicated that con-

duction exercised a significant influence upon natural con-

vection heat transfer, particularly at low ratios of con-

ductivity and high ratios of wall thickness to channel

width.

Kim et al. [21] sought numerical solutions for laminar

free convective heat transfer in channels formed between a

series of vertical, parallel plates with an embedded line

heat source of uniform temperature. The numerical model

derived resembled those for cooling passages in electronic

equipment. The investigation was based upon the assumption

that the nature of the circuit board arrangement was such

that heat dissipation from this type of heat source would
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be partially due to fluid convection and partially due to

conduction to the substrate. In addition, this study em-

ployed a repeated boundary condition based upon the concept

that the temperature and heat flux at any point on the ver-

tical surface would be identical to those at any corre-

sponding point on the vertical surface in the adjacent

channel.

Hanzawa et al. [22] experimentally investigated natu-

ral convective heat transfer between vertical parallel

plates with symmetric and asymmetric heating at high Gr

numbers ranging from 105 to 108. Since most of the previ-

ous experimental and numerical approaches had been re-

stricted to small temperature differences between heated

plates and the fluids for the case of low buoyancy forces,

the object of this investigation was to obtain information

on heat transfers within electronic devices
.

Chang and Lin [23] subjected transient natural convec-

tion due to step changes in plate temperatures within sym-

metrically heated vertical plate channels of finite height

to numerical solution. Results were obtained for air where

Rat was varied from 103 to 106 and the aspect ratio (b/h)

varied from 5 to 10. The correlation equation for the

average Nusselt number was proposed as:

2
Nub = 14.1 9.42 log [(bh )Rati + 2.13 [log [(7)Rati ] ,

(2-10)
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Wirtz and Stutzman [24] reported on experimental heat

transfer measurements for two-dimentional natural convec-

tion between vertical plates subjected to uniform and sym-

metric heat fluxes. Data were collected over a range of

heat fluxes and geometric parameters where the flow was in

the developing temperature field regime. Correlations were

based upon the calculation of maximum plate temperature

variations for given heat flux and plate geometry inputs.

Ramanathan and Kumar [25] presented numerical results

for natural convection flows between two vertical, parallel

and uniform heat flux plates within a large enclosure.

The numerical data developed were compared with the experi-

mental data derived by Wirtz and Stutzman [24]. Asymptotic

correlations were presented for 1 sh/bs 15 and 10 sRa* s 3 x105

as follows:

Nub = [185 (422)5 + [23 ( -TRa *11'3

(-P-Ra *10.6
(2-11)

2.3 Natural Convection Heat Transfer From Localized Dis-

crete Heat for Vertical Plates and Vertical Channels

Despite the fact that the natural convection induced

by discrete heating has an obviously practical value for

electronic equipment cooling applications, this phenomena

has received little attention to date. In this section,
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consideration is given to the natural convection heat

transfer characteristics resulting from a discrete heating

source as compared to those resulting from a uniform heat-

ing source.

Jaluria [26] conducted a numerical study of the inter-

acting natural convection flows generated by isolated

thermal energy sources, such as those for electronic compo-

nents, located on vertical adiabatic surfaces. Of parti-

cular interest was the nature of the flow at low Grashof

values (i.e., from 10 to 105) based upon the height of the

heated element and the surface heat flux. In turn, Chu et

al. [27] examined the numerical effects of localized heat-

ing in rectangular channels, based upon an unsteady state

formulation and an alternating direction-implicit method.

The heating element was a lengthy isothermal strip located

in an otherwise insulated vertical wall. Computations were

conducted for Pr = 0.7, 0 < Rat < 105, and aspect ratios

from 0.4 to 5. The size and locations of the heater strip

were also varied. The accuracy of solutions was qualita-

tively evaluated by experimental examination of smoke flow

patterns within a 2.54 cm by 2.54 cm enclosure. However,

the range of Rayleigh numbers was not sufficient to allow

the solution of the large Rayleigh numbers required for

many practical applications.

Turner and Flack [28] experimentally measured heat

transfer rates for laminar convection air flows in rectan-

gular enclosures with a single isothermally heated vertical
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wall, a concentrated cooling strip placed on the opposing

wall, and adiabatic top and bottom plates. The geometry

for these experiments was the inverse of the geometry exa-

mined by Chu et al. [27]. The aspect ratio of the enclo-

sure and the size and location of the cooling strips were

parametrically varied for Grashof numbers from 5 x 106 to

9 x 106.

Yan and Lin [29] sought numerical solutions for the

effects of discrete heating on vertical, parallel channel

flows driven by the buoyancy force of thermal diffusion.

Results were obtained for Pr = 0.7, and Rayleigh numbers to

10
3

. Attention was focused upon comparisons of the effects

of discrete heating boundary conditions and uniform heating

boundary conditions.

Keyhani et al. [30] conducted both experimental and

numerical investigations of free convection in a vertical

cavity (for aspect ratios of (h/b) = 4.5) for a single iso-

thermal vertical cold wall and, alternatively, three adi-

biatic and flush-heated sections of equal height on an op-

posite vertical wall. Experiments were conducted with

ethylene glycol for nominal power inputs to 1.03 W/cm2.

Streamlines and isothermal patterns from the numerical

results were demonstrated for Pr = 25 and Pr = 166.
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2.4 Natural Convection from Protruding Discrete Heat

Sources for Vertical Plates and Vertical Channels

Microelectronic chips normally protrude from the PCB

substrate. To improve conformance to this real situation,

a number of analytical and experimental investigations have

been conducted to determine the effects of single, protrud-

ing simulated chips, or arrays of protruding chips, mounted

on a PCB.

Hwang [31] presented an analytical and experimental

study of heat transfer from mixed free and forced convec-

tion for a vertical flat plate with square protuberances,

based upon the simulation of the heat dissipating electron-

ic components. This study was based upon the assumption

that the free and forced flow directions were either iden-

tical for the upward flows or exact opposites for the down-

ward flows. The experiments indicated that the free con-

vection increased heat transfer for the upward flows, while

the downwards flow for a laminar mixed-flow regime were

decreased.

Braaten and Patankar [32] considered the effects of

buoyancy on fully developed flows and heat transfer for

shrouded arrays of rectangular blocks modifying components

mounted on closely spaced circuit boards. An analysis was

conducted for laminar flows, assuming both fully developed

hydrodynamic and thermal conditions. Solutions were ob-
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tained for a range of Rayleigh numbers from 0 to 106 for

five different physical situations.

Ortega and Moffat [33] presented the results of an

extensive experimental investigation of the natural convec-

tive heat transfer rates and thermal characteristics of a

regular array of protruding, cubical roughness elements

mounted on an insulated plane wall opposed by a smooth

insulated plate. Shrouded array heat transfer results were

compared to those obtained with the Sparrow and Gregg

correlations [5]. When a shrouding plate was placed in

front of the array, heat transfer behavior was changed sig-

nificantly if the aspect ratio (h/b) was less than 4. Use

of a shrouded, protruding array resulted in plate-average

heat transfer coefficients which were from 40-50 percent

higher than those obtained for equivalent smooth and paral-

lel channels.

Park and Berglers [34] conducted an experimental study

of the natural convection heat transfer characteristics of

simulated microelectronic circuits with thin foil heaters

arranged in two configurations: flush-mounted on a circuit

board substrate or at 1 mm protrusions from the substrate.

Heat transfer coefficients were obtained for two heater

heights (5 mm and 10 mm) and for varied widths, using both

distilled water and R-113 (Freon-TF). The data obtained

were compared to those derived from the Fujii and Fujii [6]

correlation for laminar boundary layer solutions for a ver-

tical surface with uniform heat flux.
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Shakerin et al. [35] conducted both numerical and

experimental analyses of laminar natural convection flows

adjacent to heated walls with both single and repeated two-

dimensional, rectangular roughness element protrusions.

While the research focus was directed at the flow and heat

transfer process for Pr = 0.7 and Pr = 7, heat transfer

effects were determined for varied geometries of protruding

roughness elements.

Afrid and Zebib [36] conducted a numerical investi-

gation of the case of conjugate (conduction-convection)

natural convection cooling for single, discrete protruding

devices compared to three protruding devices mounted on a

vertical insulated wall. The effects of changes in select-

ed dimensions and power densities for different devices,

subject to constant values for both solid and fluid physi-

cal properties, were investigated with respect to the ther-

mal design of printed board assemblies.

Hung and Shiau [37] performed a series of systematic

experiments for the measurement of transient natural con-

vective heat fluxes in vertical, parallel plates with rec-

tangular protruding ribs. Based upon their transient heat

distribution measurement model, a dimensionless transient

convective heat flux was defined. In addition, two gener-

alized correlations for transient convective heat flux were

proposed for both the power-on and power-off transient per-

iods. The transient average Nusselt numbers, which were

considered to be the key parameter for determining transi-
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ent convective heat dissipation in the test channel, were

successfully estimated.

Keyhani et al. [38] conducted an experimental investi-

gation of aspect ratio effects upon natural convection heat

transfer for rectangular enclosures with five discrete pro-

truding heat sources. The heaters were mounted at uniform

vertical spacing on a single vertical wall. An adjustable

vertical wall opposite to the wall with the heated sections

was placed so that enclosure widths could be varied to

desired values. The top surface of the test enclosure was

an isothermal heat sink and ethylene glycol was used as the

working fluid. Data were collected at steady state for a

local modified Rayleigh number (Ra*) range from 2.4 x 106

to 4.5 x 1010 and local Prandtl numbers varied from 110 to

70.

Lin [39] experimented with natural convection from six

rectangular, protruding heated arrays on a vertical channel

within an enclosure. Protruding arrays composed of square

cross sectional areas were evenly spaced and mounted on the

vertical plate. Air, distilled water, and Chevron multi-

machine oil 68 were employed as working fluids for varied

Prandtl numbers. Based upon the array heights, modified

Rayleigh numbers were from 1.6 x 105 to 3.8 x 108, whereas

the channel space-to-height ratios, b/h, were from 0.104 to

0.567 and without a shrouding wall. Experimental results

indicated that heat transfers for large channel spacings

(i.e., b/h = 0.567) were not affected by the presence of an
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unheated, shrouded wall. Protruding block surface tempera-

tures were lowest for the distilled water medium and high-

est for the air medium for given identical heat inputs at

steady state. Moreover, though only small heat inputs were

supplied, the heated block surface temperatures for the air

medium by natural convection were higher than expected.

These experiments demonstrated that air cooling by means of

natural convection would not support the packaging densi-

ties and heat flux levels required for a number of modern

applications. The most favorable empirical correlation for

vertical channels with protruding arrays was

Nub =1.3181(P for 0 .72 < Pr < 1009 .

(2-12)

Finally, Sathe and Joshi [40] sought a numerical solu-

tion for coupled conduction and natural convection trans-

port from a substrate-mounted heat generating protrusion in

a liquid-filled square enclosure. The unique feature of

these computations was that conduction heat transfer within

the protrusion and substrate, as well as coupled natural

convection, was considered. Computations for flow and heat

transfer were conducted for specified rates of volumetric

energy generation within the protrusion. A commercially

available dielectric liquid, FC-75, was selected for the

working fluid.
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CHAPTER 3

THEORETICAL ANALYSIS

Three uniform, plate-mounted (PCB) heat generation

protrusions (i.e., chips), and an opposing wall within a

fluid-filled cavity, are considered. A schematic sketch of

this configuration has been provided in Figure 1.2. The

protrusion plates and the fluid have constant transport

properties (v,k,a) and coefficients of thermal expansion

(/3). The governing equations for the natural convection of

the fluid and the coupled conduction processes for speci-

fied rates of volumetric energy generation within the

protrusions are described in the following sections.

3.1 Principal Assumptions and Governing Equations

Based upon the assumption of a two-dimensional, incom-

pressible, time-dependent laminar flow with negligible vis-

cous dissipation, and invoking the Boussinesq approxima-

tions, the governing equations can be defined as follows.

For low speed flows that involve small density variations,

the well-known Boussinesq approximation is valid. The

obvious reason for the use of the Boussinesq approximation

is that some simplification of the governing equations is

enabled by treating density as a constant for all terms,
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with the exception of the body force terms for the momentum

equations [41,42]. The governing equations are thus as

follows.

1) Working Fluid Region:

Continuity:

au av
ax .7)

Momentum:

a (pf 71)
+

a (pf uu) a (pf uv)

at ax ay
. _ ap*

ax

(3-1)

4.

(

OX2

a2U
+

a2U
1 f

aY2)
1

a(pfv) a(pfuv) a(pfvv) ap (a2v a2v
+ iif +at ax ay ay ax2 ay 2

+ pf Of (7" T0) .

Energy:

a(pfT*) a(pfuT*) a(pfvT*) kf (a2Ta2T*)
at ax aycpf ax2 ay2

2) Protruding Discrete Heating Elements (e.g.,

chips):

Energy:

a2 T* a2T*)
+at

_k
As/ --2-s/ at s/ 733c 2 ay 2

0
Blc

(3-2)

)

(3-3)

(3-4)

(3-5)



3 Vertical Plates (PCB):

Energy:

T* T*)aT* kps2Cp52 s2( a
a2x2 a2

ay2
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(3-6)

These equations can be nondimensionalized by the use

of channel spacing b as the length scale and

(X, Y) (T7)
, (3-7)

(U, V) ,

U0 (3-8)

P*P
p U0 (3-9)

T* Tc
T

(Q/kf) (3-10)

= Uo/b) t
(3-11)

where x, y, u, v, t, T*, P, and U0HPgQb 2 [m/sec] are

the physical variables given in Fig. 1.2 and the nomencla-

ture.

The Rayleigh and Prandtl numbers are defined in the

usual way:

Ra
gPfcb3

a f kf vf

and

(3-12)
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3.2 Dimensionless Governing Equations

29

(3-13)

The following dimensionless governing equations are

from the nondimensional variables given in section 3.1.

1) Working Fluid Region:

Continuity:

au av
= o

ax aY

Momentum:

aU a (um a(UV) ap fprt4 fa2u a2u
at ax ay ax tRaf ax2 aye }

(3-14)

(3-15)

aV a(uv) a (VV) ap +fPio

f

T.

(3-16)

(3-17)

at ax

Energy:

ay aY tRaj

a (VT) f 1

t_EK
aX2 ay2

Ja2T a221aT a (UT)
at ax aY 1Ra Pr ax2 aye



2) .Protruding Discrete Heating Elements (e.g.,

chips):

Energy:

3

aT ,*{,{ 1 p {o- ÷ a2T}
at

R
Ra ax2 a y2 + Praia {GB1RFc

Vertical Plates (PCB):

Energy:

,aT 33.[D, 1 1110--T a2/1
4s2

Pr Ra ax2 ay2
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(3-18)

(3-19)

For purposes of analysis, the following nondimensional

variables are introduced:

(k 1,1c 2)

kf
(R1,R2) S

PfCf(Ri.* , R2* =
.P

(1) sl CPsl/ P s2 CPs2)

(GB, Fc)
(B, 1c)

.

b

(3-20)

(3-21)

( 3 - 2 2 )

Total field governing equations, which are for the

combined fluid and solid regions, are as follows. Note

that the conservation differential equations are valid

throughout the entire computational domain, and that in the

solid regions, velocities are maintained equal to zero,

thus reducing the energy equation to pure conduction.



1) Total Governing Equations for the Computational

Domain:

Continuity:

au av
= 0ax aY

X-Momentum:

au a (uu) a (UV) ap 141a2u a2u
at

}
ax ay ax 1Ra f ax2 ay2

Y-Momentum:

av a (uv) a (vv) ap pr a Ja2v a2v1
ati ax ay aY Ra } ax2 aY2

Energy:

,aT a(07) a0/71 -RIR{ 1 p t±T aTIat ax aY Ra Pr ax2 ay2

+ S ,r 1 0 1 11

Pr Ra f GB Fc
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(3-14)

(3-15)

(3-16)

(3-23)

2) The energy source term is:

S* = 0, for the fluid and vertical plates (i.e.,

where no heat is generated; and

S* = 1, for the heated elements.

3) The ratio of thermal conductivity is:

R = 1, in the fluid;
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R = R1, in the heated blocks; and

R = R2, in the vertical plates.

4) The ratio of properties, R*, is:

R* = 1, in the fluid;

R* = R*1, in the heated elements; and

R* = R*2, in the vertical plates.

Equations (3-14)(3-16) and (3-23) are subject to the

following initial and boundary conditions:

For r = 0: T = 0, U = V = 0, for all domains;

For T > 0: U = V = 0, for the heated elements, verti-

cal plates, and all cavity walls; and

T = 0, for all cavity walls.
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CHAPTER 4

NUMERICAL PROCEDURES

Numerical solutions for the dimensionless governing

equations were obtained using the control volume formula-

tion described by Patankar [3] and the simplified marker-

and-cell (SMAC) algorithm [4] proposed for the numerical

solution of time-dependent, viscous flow problems for

incompressible fluids. The SMAC algorithm is significantly

easier to use and has been applied to investigations of the

dynamics of given flow problems for several space dimen-

sions. When comparison data have been available, results

obtained from the use of this method have generally been in

good agreement with experimental results. The current

study was based upon concepts first presented in consider-

ation of the SMAC. For each time step, momentum equations

are solved explicitly, whereas pressure equations are

solved implicitly and the energy equation is solved semi-

implicitly. The basis of computation is to separate each

calculation cycle into three phases [43].

The calculation cycle procedure is outlined as fol-

lows:

Phase I, the Tilde Phase: Two momentum equations

are advanced in dimensionless time (T + AT) to
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obtain approximate (tilde) velocities (C7,) ,

based on the previous-time values of dimensionless

pressure P and temperature T. Although these val-

ues of the velocity components satisfy the momen-

tum equations, based upon the current values of P

and T, continuity is usually not satisfied.

Phase II, the Implicit Phase: The dimensionless

velocity components and the dimensionless pressure

corrections (u,,vi,p1) are obtained from the ellip-

tic equation, which satisfies the continuity equa-

tion (VU= 0) . For this phase, a potential func-

tion is employed, determined by the requirement

that it is capable of converting the velocity

field to a form which everywhere satisfies the

incompressibility condition, or

U(t + AT) = U(t) + U' , (4-1)

V(t + AT) = 17(t) + 17/ (4-2)

P(t + AT) = P(t) + pi . (4-3)

Phase III, the Scalar Phase: Using the previously

computed values of U(T + AT) and V(T + AT), the

advanced time (T + AT) for dimensionless tempera-

ture, T(T + AT) and other scalar quantities are

computed.
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The solution is advanced step-by-step in time by con-

tinued application of the three solution phases.

4.1 Tilde Phase

4.1.1 Tilde Velocities

Using summation conventions, the rearrangement of the

dimensionless governing equations is as follows:

1) Continuity:

2

and

3

where

and

)

)

aui
0

axi

Momentum:

(4-4)

aui a(uiui) ap + m a faut a (4-5)+ 2at ax; axi ax; ax; 2
. T

Energy:

aT a(uiT) a aT),
at

3
ax. ax

3.
(ax; °

1

Pr II

M {Rai
,

1

N 14 1 II
i Pr Ra

(1, j = 1,2)

(4-6)

(4-7)

(4-8)
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(4-9)

For the prototype differential, the form of the momentum

equation is

au,
3

ap
+ .52,T .ax; axi

For the prototype finite volume, the form is

where

au.
vo E A; mzyci. = Su

3 3

S = V
ui o axi + 82 a

(4-10)

(4-11)

and V0 is the cell volume. The time advancement form of

the above equation may be written as a forward difference

yielding,

aui(u1?-fl.

J
u + EA. U.U1 M = Sui . (4-12)F 2

where 1,j = 1,2 .

4.1.2 Pressure-Velocity Method

The pressure-velocity approach is most commonly used

for low speed flows, but it is appropriate for all flow

speeds. Three partial differential equations are needed

for the solution of the pressure field, P, and the two

velocity components, U1 and U2 (or U, V). The Navier-
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Stokes equations provide two equations, but with the un-

knowns P, U and V. The two momentum equations (i.e., para-

bolic PDEs) are used to solve the velocity components and

the continuity equation is used to solve for pressure

(i.e., an elliptic PDE).

Using a means to time-advance the pressure field in

conjunction with the velocity field so that pressure is in-

cluded implicitly in equation (4-12), the velocity Ur is

{ Ai (AiPn+1) + :ScciU12 +1 = U/f2 +
A

Vo

where the fourth term in this case is

SUi = E lui Ui M
au.

i
vo 82i T

OX

(4-13)

(4-14)

At this point, start by separating the velocity vector into

the rotational part (Um) and the irrotational part (4 ,

ur = ,

where m = 1,2 and pn+i = pn p' and then

4+1 = + = U17] + A_TI-AinAm(Pn + P/) + .r11}
v0 L

(4-15)

= Unii3 +
Vo (

i-AmA,Pn +
V

AmAmPi ,

where the bold m indicates that the summation rule is sus-

pended. The symbol, U , indicates a provisional dimension-

less velocity, based upon the latest value computed for the

pressure field.

For the provisional time-advanced dimensionless veloc-

ity field,



Urn = Um + ALT [-Am (AmP n
Vo

and the dimensionless velocity correction is

where

= A (A p') ,vo "

SUm

au= -E A . {U.
_7
U

m ax
M

i
} + Vo S2mT
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(4-16)

(4-17)

(m, j = 1,2)

4.1.3 Finite Volume Form of the Continuity Equation

The finite volume continuity form is expressed as

Al U1 = 0 . (1 = 1,2) (4-18)

Assuming that the numerical procedure converges at the

advanced time step n + 1, then the continuity for the time

step is satisfied as

Thus,

and

Al Uri .= 0 . (4-19)

A/ ( + ) =0 (4-20)

Al U1 = Al II1 = , (4-21)

where 13 is a known value based upon the provisional veloci-

ty fields (U) and (7) .
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4.2 Implicit Phase

4.2.1 Divergence

The divergence tilde, 15 , is computed, using the tilde

velocities,

= D .
(4-22)

The velocity correction, DI , which is the irrotational

part for the next time step from equation (4-17), is depen-

dent upon pressure change. Thus, it may be known that the

dimensionless velocity corrections are simply the gradients

of the scalar potential

Er(

ax, (4-23)

Equations (4-23) and (4-17) define the relationship between

pressure change and velocity change. The differential form

of equation (4-17) is

Thus

a a
= (PO =

aXoi

(AT P,) .

ax
(A

4:10 = ATP/ or

(1 = 1,2)

AT

and from equations (4-21) and (4-23),

(4-24)

(4-25)



Therefore,

a) . -15 .
Ai

= Al (-
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(4-26)

Equation (4-21) with equation (4-23)can be expressed

in the differential form

( 494) ) = 7 = at" + .
a)(.1 aX aY

(4-27)

To find 4) to satisfy the above elliptic equation by the

iteration method, start Om+1 = Om + 0/, where

7 0E1+1 = Vl (0m + =
D

,

V2 = V2 = Em ,

and where Em is the error of the mth iteration.

(4-28)

As soon as 0/ is updated, then (I) can be updated, until

the point that the small error criterion is satisfied.

Following the mth iteration, 0/ , which satisfies the error

criterion, can be found when E
1 Em 1 < t, where t is the

convergence criterion.

4.2.2 Update Un+1' , V11+1 and Pn+1

The implicit changes U", 17/1 and P/ are calculated with

the values of ,



p/ IrD

AT
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1 =1,2 , (4-29)

U1
+1The advanced values of the velocity [7/ and the pres-

sure pn+1 are then updated,

and

u1 +1 = UI + UZ = U1 (4-30)
aXi

pn+1 = pn pl = pn
AT

(4-31)

4.3 Scalar Phase (update dimensionless temperature, T4+1)

From equation (4-6), the prototype differential equa-

tion for the energy equation,

aT a aT{,; T R*
.N

= So , (j = 1,2) (4-32)
dxj

for the prototype finite volume form is

aT
V0 at

R *Al = v
°
s

°axi (1=1,2)

(4-33)

The time advancement form of the above equation may be

written as a forward difference, yielding

n° (Tn+1 T n ) = {U11+1 T n R* Na T + vo sonA .
7a7.7

JJ

(4-34)
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The update temperature is

1Tn+1 = 7' 17 AT
+

Vo

u-in+1Tn R* .NaT1
÷ voson

ax,

(4-35)

for 1 = 1,2 where

1
iN = R 1

and
{ Pr Ra f

Sc, = R* f 1 141 1 1.s* .
Pr Ra j G Fc

4.4 Coordinate and Grid System

Two-dimensional rectangular coordinates were chosen

for this study. For this system, the common subscripts i

and j indicate positions in, respectively, the x- and

y-directions. To distinguish between the scalar and vector

quantities, a staggered grid system was chosen [3].

In staggered grids, velocity components are calculated

at the faces of the control volumes. Thus, from Figure

4.1, the x-direction velocity U is calculated at the faces

that are normal to the x-direction. The lines indicate the

control volume surfaces. All of the scalar variables, that

is, temperature, pressure, and streamfunction, are located

at the cell center, while the vector variables, the veloci-

ties, are located at the cell faces. It is necessary to

define U and V momentum cells to obtain velocities from the

discretization of the momentum equation since the veloci-
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Vii
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j Uij
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A
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i

(c)

0 I, j
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Fig. 4.1 Staggered grid variables: (a) continuity cell;
(b) U-momentum cell; and (c) V-momentum cell.
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ties are located at the cell faces of the continuity cell.

For a typical control volume, it may easily be seen that

the discretized continuity equation contains the differenc-

es between adjacent velocity components.

4.5 Discretization of the Governing Equation

4.5.1 Discretization of Momentum Equations

From equations (4-13) and (4-14), the momentum equa-

tions can be divided into four terms (i.e., the inertial,

viscous, pressure, and gravity terms). Each term is dis-

cretized for the purpose of determining the tilde veloc-

ities (U and fi) -

a) Inertial term:

The inertial term of the momentum equation is

discretized by application of the upwind method.

For example, in Figure 4.2 this includes the

unequally-spaced U-momentum cell surface veloci-

ties (U and 17) . The discrete form of the iner-

tial term for the U-momentum cell is

u Ayi n ' U ( ' . 1 ) U. .

=
, +

, 1,j
I 2,3 1,j 1+1,3

( + U1_1,i ) ( ) U1,11

Axi,j A+ _xi
+1, j I

171 +
4

(117i,j1 LT1,;41 ( + 71,;-1 ) u1, J -1

Tii,J-1 )
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Fig. 4.2 Unequally spaced U-momentum cell with
velocities (U and V)

+

2
where Al = Ay(i,j) and A2 =

Axi ,3,
In an

unequally-spaced grid system, the U-momentum cell

surface velocities (U and Ti) can be shown accord-

ing to the following interpolations:

U1,3
2

U4 Ui, 4
Ui_i

2

AXL
= Vi,i ( V. V/ . 3,Ax. + Ax.a +1, j

(
Ax_Vi ,i -1 = Vi ,i -1 +

Axi,i + Axi+i,(Vi+i,j-1 Vi,]
-1)

j.
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b) Viscous term:

The viscous term from equation (4-11) is discret-

ized for the unequally-spaced U-momentum cell.

From Figure 4.3, the viscous term of the finite

control volume form for the U-momentum cell can

be expressed as follows, where J1 and J2 are the

momentum fluxes at the designated cell face for

the U-momentum cell,

EA {If au} = 4.711 + A2 {J21 J }I -a- -x- , -1,i 2 J1 1

M'
Ui_i )

(Ui
Mi 1, j u.

4.
- ) Ax,

.

1,J= A
11.1,i

{Axi Ax. .

CM21 + 1 1J
2 Axi + Axi

x ( CM2i i CM2 i j ) 1 ( Ulf ,j. + 1 ( I i j )

{Axi Axi A
CM

( Axi + Axi2 ,3-3.

x ( CM2 i j _, CM2 i j _1) 1 (U1 j Ui j _1) ,

for / = 1,2 and where CM2, the finite volume con-

nector, is related to the corresponding gradient

of U-momentum for each cell in the computational

grid system as
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i i+1

Figure 4.3 Unequally spaced U-momentum cell and mo-
mentum flux J1 and J2 at the U-momentum cell
surface.

CM2i,3 2

AYi ,j AYi d +3.

Mi,i Mi,j+1

c) Pressure term:

From equation (4-13), the pressure term for the

control volume form in the x-direction can be

discretized as

AxP ' AYi ,i (Pi +1,i Pi ,i ) ,

where A11,1 = Ayi ,i
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d) Gravity term:

From the governing equation, there is no external

force in the x-direction. From equation (4-14),

the V-momentum equation has only a gravity term.

The unequally-spaced V-momentum cell for the gra-

vity term is shown in Figure 4.4. The discrete

form of the gravity term of the control vol-

ume (170

Vo T = Vo,

T)

T
1

is

+
Ayi

(Ti,j+1 Ti,j)Ayi + Pyi +1

1+ 1

J

j-1

ATi,
6Yi,j+1

1-1-1

1-11-1,j+1

illi V.

;
tilii j

IF

.

Id

s
.

Ti+1,1
T7

j

4

6Yi ,1
-1

il

Axij____,,Axi+

Ti ,1 -1

;_i_i

Fig. 4.4 Unequally-spaced V-momentum cell
for gravity term.
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4.5.2 Discretization of Continuity Equation

To satisfy the continuity equation, the dimensionless

velocity Ur is expressed in the following forms:

1) As an integral, f (711)dA = 0 ; and
c. s.

n +1
2) As a finite volume, Ul

A potential function is employed to determine the velocity

corrections (U',1,4) . The continuity cells which satisfy

the continuity equation, with the potential variable 0i,j ,

are shown in Figure 4.5.

j+1
(1°i4)+1

,LN/i,i

Ui.1,1

(Di-i,1

Lli,
j

0.
I. ,)

.

1!1/i,pi

(Dii_tj

j-1 ,..

Wij-.1

1-1
i 1+1

Fig. 4.5 Continuity cell with potential variable 4) .

From equations (4-19) and (4-21),



50

and

n +1 n +1 n +1Ui Ui_i j A21 V A2 IT2 = 0i1 .j 1,1-1

(Ui j ) + A2 (Vi j j )

= -A,
(U1 ,j

U.
.1

, .) A (.17a-. ) =,J -- ,J , 1,3 -1

where D is the divergence from the previous time-step

values.

By the discretization of equation (4-21), for the

definition U1 -

Cli (Di+, + + 2 rj 212 +1
+ C21,j_101,i_1

where

Cl. . =

{Cli,j + C11_1,j + C21,j + C21,j_1} doi,j ,

Ali,j
Ax

/.
A xi +1

111,j

and C2, A2 1.j

and where li,j is always 1.0 for the fluid region at the

computational domain, but for a solid cell should be a

small value (e.g., 10-5° = zero ) to satisfy the boundary

condition.

4.5.3 Discretization of the Energy Equation

From equation (4-33), the energy equation can be

divided into three terms (i.e., convection, conduction, and

heat source terms). Each term is discretized for the pur-

pose of determining the dimensionless temperature.



a)

51.

Convection term:

Figure 4.6 illustrates discretization of the con-

vection term for the temperature cell using the

upwind method. From equation (4-35), the convec-

tion term for the energy equation is

AIE A U+1 Tn =
2

f(lqi,j1 +LTI. Ti.,i (1 Ui, j)
1

U1_11j{ + U ) Ti + ( 1 )

+

A2i

2
( Vi I + ) ( I _11 ,i) +1

1 + _1 ) _1 + -- )
Ti,])

j+1
T i

V1.

i

Ui.id

T. .Ti
-1,j

j,

U

T.. .
Id

4\ii,j-1

id

Ti+1,J.

j-1
T.

1,1-1

1-1 i 1+1

Fig. 4.6 Temperature cell for discretization of the
convection term using the upwind method.
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b) Conductive term:

Figure 4.7 shows the temperature cell for dis-

cretization of the conduction term. For the

energy equation, the conduction term with heat

fluxes (J1* and J2 *) is:

aTn
AZ N = {J1_1 j} + A2 {172; J2_si -1}ax

2

A xi j

N.

Axi j

N1 +1, j

2
(T1 j )

'3Axi j

Ni , j

2

N1, 3

( . +1 j

AYi

, j +3.

2

AYi d -1 AYi , j

,j j

for 1 = 1,2 where

Ni = R 1 11
, 3 '3113r Ra f
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j+1
T

11-.1

ii`i

j Ti_i,i

J1i

Ti,i

j
J1i,.

il-lj

j-1

12i,

T.
1,i-i

i-1 I 1+1

Figure 4.7 Temperature cell for discretization of the
conduction term with heat flux (J1* and (TV)

c) Heat source term:

When the cell has a heat source, the heat source

term for the energy equation must be calculated

as

where

Vo Son = Ox1,i _vi Son

So = R
f 1 12 {

}
1 .97

1PI Ra f GBFc 1'3



54

4.6 Connector Logic for the Boundaries

The connectors developed for the finite-volume equa-

tions provide a convenient, flexible and powerful mechanism

for cell development in the computational grid system,

enabling boundary conditions to be set at any type. The

explanation for this mechanism resides in the variety of

parameters provided within the construction of the connec-

tor coefficients, , and a heat source which can be

manipulated to achieve the desired effect.

For example, consider a two-dimensional, steady-state

heat conduction problem for a solid material, as shown in

Figure 4.8. The finite volume connector, C271i , is relat-

ed to the corresponding gradient of 71,i for each cell

through the cell boundary. That is, the connectors relate

the heat fluxes (Jii,j,j2i,j) between adjacent computation

cells for the diffusion processes [43].

By using the steady-state conservation law, applied to

finite-volume cells with the heat source, Si,i , the energy

equation can be expressed as:

(J11 Jli ) + (J21 J2i _1) = Void Si ,

(4-36)

where J1 and J2 are heat fluxes through the surfaces of

cell i, Void is the volume of cell i,j, and Si,j is the heat

source at cell i,j. Using Fourier's law, which expresses

the heat fluxes (J1, J2),
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Figure 4.8 Connector example at five points for
diffusion process with boundary cells.
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Axi ,j
2 ki j

Tis

+
,j (T:,j+1 T1 j)

Yi AYi j
2ki j 2ki

= V S.

By setting the connectors

CX1,

CX2i,3

,j (Ti,J Ti -1,j)
Axi Axi,j
2 ki _1 j 2 ki j

Axi j (T:, j j -1 )

AYi , j -1 + AYi ,

2 ki j _1 2 ki 3.

CX1i j and CX2i j

2 Ayi j
A xi j Axi j

ki,j j
2 Axi j

AY1 , j , j +1

ki j j
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(4-37)

(4-38)

(4-39)

the diffusion equation can then be expressed as

CX1i,i (77;..1,j ) CX1 j ( Ti, j +1 j )

+ CX2 j j +1 T j ) CX2 j_1 (Ti ,j Ti* , j -1)
=

Vas .

(4-40)

Rearranging equation (4-40),

CX1i,jTi+1,j+CX1i_1,jT:_1,j+CX2i,jTi,j+1+CX2i,j-1 ri*,j-1
(CXii,i + + CX2i,j + CX2i,j_1) T.;,j
= Voi .

(4-41)

This equation represents the finite volume discretization

of the diffusion equation, often referred to as the finite

volume form of the elliptic equation.
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Two types of boundary conditions are generally used.

The first case is a fixed value for the transport variable

at the boundary, the so-called Dirichlet boundary condi-

tion. The second case is the fixed value for the gradient

of transport variable at the boundary, the so-called Neu-

mann boundary condition. For example, from Fig. 4.8, if

the boundary cell surface temperature is known and is con-

stant, Ti_l,j , it should be equal to 7",: , which is

Tconstant Thus,

*Ti* j TB = constant (4-42)

To satisfy equation (4-42), it is obvious that the connec-

tor CX1i_i,i from equation (4-37) should be changed as fol-

lows:

(4-43)

By setting at such a "large number" (1030), it is

easy to change equation (4-38) to satisfy the boundary

condition.

Consider an insulated boundary condition at the bound-

ary surface (J1B = 0) . From Fig. 4.8, the heat flux

(711_1,j is equal to zero at the boundary surface. There

are two methods of satisfying the boundary condition. From

Fig. 4.8, an obvious method is to set = , which

works well in one-dimensional space. However, in the two-

dimensional situation given in Fig. 4.8, and
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Ti -1,j +1 will generally have different values. Thus,

T;_11i cannot equal Ti%i and *_1,j,1 at the same time to

achieve the boundary condition. Therefore, a conditional

check must be performed to determine the value of

through computation. Since the conditional statements

inhibit compiler optimization and generally consume excess

computer time, this is an inefficient method of setting

boundary conditions. The other method, which maximizes

computer efficiency, is to set the connector at the bound-

ary cell to zero to ensure that the flux is zero.

Flux will be zero if the connector is zero.

This connector variable can be set at zero by the logical

definition of the material conductivity at a small

number (e.g., 10-30) to satisfy the boundary condition.

4.7 Stability Condition

To obtain the dimensionless
values U, V, and T from the

momentum and energy equations, explicit methods are used.

Treatment of the two-dimensional heat transfer problem con-

sidered in the current investigation requires a stability

condition, or one which makes the explicit method stable:

1A t 5 Min

I j + 1 Vi,)' + 2 CMAX( 1 + )Ayi
A21, j A ,

CMAX = MAX Pr
,

Pr 1Ra

1 1

(4-44)
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The time-step AT must satisfy equation (4-44) to assure the

stability of the explicit computations. Therefore, the

conservative factor 0.95 is multiplied by At to assure

stability.

4.8 Nusselt Number, Rayleigh Number and Stream Function

To compute a Nusselt number at the heated protruding

surface, reference length and temperature are selected.

Since concern is directed at the effect of the channel

aspect ratio, the channel spacing, b, was selected as the

reference length for the present study. The ambient fixed

temperature, Tc, which was the surface temperature of the

enclosure, was selected as the reference temperature.

Thus, the local Nusselt number at the heated surface was

nondimensionalized for the heat flux q" :

qfl b
NUlocal

(T* (surface Tc)kf
(4-45)

The heat flux qfl for the heated block surface in the chan-

nel direction, based upon the Fourier law, can be calcu-

lated as:

q k 7;1
II

surface

Based upon this derivation, qh' is computed in consideration

of the following staggered grid system:

where



all

(.Licsi (A xf)

2 2

-Tf

Ics1 kf
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(4-46)

TSI = dimensional temperature of the heated device

surface,

T; = dimensional temperature of the fluid cell

nearest to the heated device surface,

Axsi = dimensional cell space for Ts1 in the x-

direction, and

Ax:f = dimensional cell space for T; .

However, the local Nusselt number can also be computed

for dimensionless values, obtained from the dimensionless

governing equations as

NUlocal

where

and

Ts1

Ti

A Xsi AXf

2

AXsi )1(T51 Tf) (Axsi
+Ri /1Xf

Tsi Tc

(Q /kf)

R1=
f

Axs/
AXsi ,

(4-47)



LXf
A Xf

b

The instanteous height-average Nusselt number for each

protruding heated device surface in the streamwise direc-

tion is then defined as

B

INub = f NUlocal, each
B local

0
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(4-48)

Similarly, the channel Rayleigh numbers are defined by

two differing concepts, Q and q" , respectively, based upon

the heat input or source in the heated device and the heat

flux from the heated block surface, where q" is used to

define the modified Rayleigh number:

1) Rayleigh number:

2 )

=Rat, gpOb3
t, .

a fV fkf

Modified Rayleigh number:

Ra* - gPFb4--b
afvfkf

(4-49)

(4-50)

One problem in obtaining the modified Rayleigh number is

the difficulty of calculating average heat flux at the

heated surface in the streamwise direction Te . For reason

of the conduction effects in the heated device, heat flux

at the heated device surface in the streamwise direction

cannot be strictly uniform, and will rather reflect varia-

tion in accordance with the block surface. Thus, the

average heat flux at the heated block is calculated as



11_ 2 Ts*/ , Tf*, y.q
B Ax Ax3 sl, j f , j

ks
1 kf
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(4-51)

The dimensionless streamfunction ii(X,Y) is defined by

ay

ax
= -V .

(4-52)

(4-53)

Either equation (4-52) or (4-53) can be used to deter-

mine T(X,Y) . Expressing the dimensionless velocity U in

the finite difference form, and referring to the grid, the

first relation is

and thus,

W
'3+1 1-1Ui,3 = 2
A Yi,

Ti,j+1 = Wi,j+U j AYi,j

4.9 Determination of a Steady-State Solution

(4-54)

If an electronic system is switched on and left run-

ning for lengthy periods of time, subject to constant power

requirements, then the temperature of the electronic compo-

nents and their mounting structures, including the PCBs,

will stabilize. Sampling temperature and velocity values

for selected grid locations demonstrates how this steady-

state may be attained. Figures 4.9 and 4.10, respectively,
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demonstrate variations for dimensionaless temperature, T,

and the dimensionless velocities, U and V, at selected loca-

tions over dimensional time. To demonstrate progression to

steady-state temperature, three different locations were

selected (Fig. 4.9), for which the observed velocity varia-

tions were considered (Fig. 4.10). From the information

presented, it is apparent that a steady-state was attained

in approximately 1,000 sec. The confirmed steady-state

results provided in the current investigation are based

upon this common approach, and the observations as pre-

sented in Figures 4.9 and 4.10.
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Figure 4.9 Dimensionless temperature evolution at se-
lected locations to determine steady-state.
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CHAPTER 5

NUMERICAL EXPERIMENTAL APPARATUS AND PROCEDURE

5.1 Scope

As an alternative to matching the characteristics and

the shapes of complex systems of electronic components on a

host circuit board in real situations, the present study is

directed at obtaining accurate numerical data from the ana-

lysis of a two-dimensional, coupled conduction and natural

convection model with the general geometric features and

cooling fluid properties of electronic systems. The pur-

pose of this numerical study of a research model was to im-

prove the current state of knowledge of the processes of

thermal and fluid dissipation from microelectronic systems.

To complete the experiment, the most important issue was

the means to determine a selection of reasonable material

properties for both solids and fluids. This process is

discussed in the following two sections: First, the selec-

tion of a working fluid as coolant capable of supporting

the heat flux levels required in contemporary electronic

equipment; second, the selection of solid materials for

heat generating blocks, including the IC chips and the

vertical PCB plates.
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5.2 Selection and Properties of Coolant Liquids

There are numerous candidates as dielectric coolants

for the modern electronic cooling systems, including air,

distilled water, fluorochemicals, and ethylene glycol. The

principal advantages of cooling with air are its availabil-

ity and ease of application. Air cooling is frequently

used for applications with low power and low packaging den-

sities. However, air cooling is generally used more often

for forced convection than for natural convection systems.

For example, Lin [39], by experimentation, demonstrated

that heated block surfaces air-cooled by natural convection

remained too hot even when relatively small heat inputs

were supplied. This indicated that air cooling by means of

natural convection would not support the packaging densi-

ties and heat flux levels required in at least certain

modern technologies.

In point of fact, electronic cooling capabilities can

be significantly improved when liquid cooling means are

used. Liquid cooling applications can generally be catego-

rized as either indirect or direct. For direct liquid

cooling, the electronics or the packages within which they

are housed are placed within direct and intimate contact

with the cooling liquid. Direct liquid cooling provides

the opportunity to remove heat directly from the IC chip or

from the surface of the heat generating device, thus trans-

ferring excess heat into the liquid in the virtual absence
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of any intervening thermal conduction resistance path. In

recent years, there has been considerable interest in dir-

ect liquid cooling. Machines such as the CRAY-2 supercom-

puter now use this cooling approach.

The selection of a coolant for liquid cooling applica-

tions has been subject to frequent investigation and dis-

cussion. In this section, several of those studies which

have addressed natural convection liquid cooling are con-

sidered as reasonable choices from among commercially or

otherwise available dielectric fluids. Park and Bergles

[34] developed an experimental investigation of liquid

(water and R-113) natural convection heat transfer charac-

teristics, using thin foil heaters to simulate microelec-

tronic chips. Keyhani et al. [30,38] experimentally inves-

tigated the aspect ratio effect on natural convection heat

transfer with discrete and protruding heat sources placed

in ethylene glycol. Joshi and Paje [44] presented an ex-

perimental investigation of natural convection heat trans-

fer from a commercially available semiconductor device

packaged with FC-75. Sathe and Joshi [40] conducted a num-

erical examination of coupled heat transfer from a

substrate-mounted heat generating protrusion in FC-75.

Based upon recommendations derived from the studies

cited above, from among available dielectric fluids, the

selected working fluid coolants considered in the present

study were distilled water, FC-75, and ethylene glycol.

Commercially available electronic equipment items are com-
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monly cooled with either water, water and ethylene glycol,

or fluorochemicals (e.g., FC-75). As a convenient refer-

ence, and to illustrate the effect of coolant selection on

heat transfer capabilities, coolant thermal properties for

each type considered in the present study are tabulated in

Table 5.1.

Table 5.1 Properties of various dielectric cooling
liquids.

Thermal

Property
Distilled

Water PC-75 Ethylene Glycol

Density

(Kg/m3)

997.0 1758.8 1103.7

Thermal

conductiv-

ity (W /mOK)

0.608 0.064 0.255

Specific

heat

(J /KgOK)

4177.0 1038.3 2460.0

Viscosity

( Pa 0 sec)

0.857 x 10-3 1.4427 x 10-3 1.07 x 10-2

Thermal

diffusivity

(m2/sec)

1.460 x 10-7 0.3505 x le 0.939 x 10-7

Kinematic

viscosity

(m2/sec)

0.8600 x 10-6 0.8203 x 10-6 9.65 x 10-6

Thermal

expansion

(1/OK)

2.7594 x 104 1.6 x 10-3 0.65 x 10-3

Sources: [45,46,47].

With respect to density, viscosity, thermal conductiv-

ity, and specific heat from the cooling standpoint, water

is probably the best liquid available. For long-term
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operations, distilled water that has been deionized is gen-

erally used. However, distilled water suffers from the

limitations of low boiling temperature, the capacity to

freeze at temperatures below 0°C, and poor electrical insu-

lation capabilities.

A fluorochemical manufactured by the 3M Company, FC-75

is a liquid with approximately the same viscosity as water.

This liquid has a specific heat which is approximately one-

fourth that of water, and it provides excellent dielectric

characteristics. FC-75 is usable over a temperature range

from -65°C to 100°C. In contrast, the thermal conductivity

of ethylene glycol is lower than that for water. Commer-

cially, this liquid is used for antifreeze mixtures of 62%

ethylene glycol and 38% water. The mixture of ethylene

glycol and water provides degraded thermal performance, but

it will not freeze until a temperature of -65°C is reached,

which is the lowest limit of U.S. military requirements.

5.3 Selection and Properties of Heated Blocks and Plates

The choice of solid materials for heated blocks and

plates was an important consideration for the present

study. Since thermal conduction is the principal path for

heat flow to heated blocks, the thermal conductivity of

heated blocks to simulate electronic heated packages was a

property of principal interest. Current generations of

electronic components are packaged in a wide variety of
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shapes and sizes, both with and without electrical lead

wires, in plastic cases.

The protruding blocks which provided the heat dissipa-

tion function for the present study were considered from

the viewpoint of a wide variety of microelectronic devices.

These types of blocks primarily dissipate most of the heat

generated into adjacent liquids. The heat may be directly

injected into the coolant or it may be injected through the

PCB board. In a typical semiconductor plastic package,

silicon IC chips are generally covered by a plastic semi-

conductor molding compound. The thermal conductivity of

this molding compound plays a significant role in the

ability of the package to transport heat away from the

heated package source.

In the present study, the Dow Corning 306 molding com-

pound, a commercially available product, was selected to

simulate the properties of heated blocks [48]. The select-

ed material for plates (PCB) was an epoxy fiberglass in

common use. Table 5.2 summarizes selected solid properties

for heated blocks and plates for purposes of numerical sim-

ulation. The computational parameters required to solve

the dimensionless governing equation can be obtained from

the properties of the liquids and solids (i.e., the con-

ductivity ratio between the fluids and the solids, as well

as the Prandtl number). Table 5.3 displays the computa-

tional parameters for each liquid considered.
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Table 5.2 Solid properties of selected heated arrays
(electronic package) and plates (PCB).

Material Property Value

Heated

Block

(Elect.

Package)

Dow Corning

306 Molding

Compound (48)

Density (Kg/m3) 1880

Thermal

Conductivity

(W/mOK)

0.6276

Specific heat

(J/Kg0K)

1256

Thermal

diffusivity

(m2/sec)

2.6579 x 10-7

Plate

(PCB)

Epoxy

Fiberglass

]

Density (Kg/m3) 1800

Thermal

Conductivity

(W /mOK)

0.2594

Specific heat

(J /KgOK)

1256

Thermal

diffusivity

(m2/sec)

1.1474 x 10-7
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Table 5.3 Computational parameters for solving
the dimensionless governing equations.

Liquid

Parameters

Ratio of
conductivity,
heated block
to liquid
(k,l/kf)

Ratio of
conductivity,

plate to
liquid
(kg,/kf) Pr

Distilled
water

1.032 0.427 5.88

FC-75 9.806 4.053 23.40

Ethylene
glycol

2.461 1.017 103.00



CHAPTER 6

RESULTS AND DISCUSSION

6.1 Scope

73

Velocity and temperature profiles derived from numeri-

cal computations, as well as consideration of the heat

transfer results and the effects of liquid cooling proper-

ties, are presented in this chapter. Flow patterns and the

temperature distributions from natural convection process-

es, and conduction through heated devices with varied chan-

nel spacings, are represented by streamlines and isothermal

lines. Optimal channel spacing to height ratios, for the

purpose of reducing the high temperatures which exist on

heated element surfaces in streamwise directions, according

to changes in channel spacing, are investigated. Plots for

the heat source input, Q, generated from each protruding

element in relation to the temperature differences, AT ,

between the highest temperatures on the protruding surfaces

in the streamwise direction and the constant cold enclosure

temperature for various cooling liquids, are used to sug-

gest the cooling abilities of each coolant considered. The

heat transfer correlation equations are proposed from the

following functional forms expressed as the dimensionless

parameters
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Nub = f((b
h

Ra*b)

Nub = f ((b)Rab) .

h

6.1 Temperature Distributions for Protruding Discrete

Heated Element Surfaces

The steady-state temperature distributions for the

heated device element surfaces in the streamwise direction

are considered. The locations with the highest tempera-

tures are situated within the protruding heated element IC

or modules with heat sources. However, heated block sur-

face temperature distributions were investigated for reason

of specific interest in the effects of the convective heat

transfers which take place between the cooling fluids and

the surfaces of the heated devices.

6.1.1 Comparison of Protruding Heated Element Surface

Temperature Profiles at Various Heat Inputs for

Each Liauid

The different heat inputs for identical channel spac-

ing to height ratios are shown in Figures 6.1 to 6.8 for

protruding heated surface temperature profiles for the dif-

ferent cooling liquids. In each figure, the dimensionless

temperatures, T, and the dimensionless lengths, 37//s , or
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the ratio between the vertical direction from the starting

point of the first protruding element and the distance from

the first protruding element to the last protruding ele-

ment, are shown. Dimensionless temperatures are as defined

in equation (3-10).

For given heat inputs, upper heated surface center

temperatures were usually higher than those for the lower

protruding surfaces. That is, the higher upper block sur-

face temperatures were caused by a preheating effect from

rising warm buoyancy flows. For reason of its unique defi-

nition, the dimensionless temperature, T, decreased as the

values of the module heat sources were increased.

For each protruding block, there were a minimum of 10

data points spaced at equal intervals. For given heat

sources, Q, temperatures at each block surface generally

increased from the 1st to the 7th data points and, in the

cases of either water or ethylene glycol as the cooling

fluid, decreased from the 8th to the 10th data points. For

reason of the conduction heat transfer effect from the uni-

form heat source in the heated element and the convection

heat transfer effect from the rising warm buoyancy flows,

the locations of the highest temperatures for each protrud-

ing element surface were generally somewhat above the mid-

dle of the surface. The highest temperature at the third

heated block surface was also higher than the temperatures

for either the first or second surface.
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6.1.2 Comparison of Protruding Heated Element Surface

Temperatures for Cooling Liquids at Identical

Heat Inputs

Comparisons of the temperature increments for identi-

cal channel to height ratios for the different cooling

liquids, subject to equally powered devices, are given in

Figures 6.9 to 6.12. Though the identical heat power, Q,

for each protruding device was generated for identical

boundary conditions, the temperature increments for the

protruding element surfaces at steady-state were dependent

upon which liquid was used as the coolant. Dimensional

temperature increases from the initial temperature at each

protruding surface are shown for the different coolants.

In Figures 6.9 and 6.11, temperature increases for the

protruding surfaces for different coolants, at an equal

power of 100 W/m for protruding electrical components with

different channel spacing to height ratios are shown. When

the temperature curves are compared, differences in the

cooling capacities of the liquids considered become appar-

ent. From Figure 6.9, for water at the heating power of

100 W/m, the increase in temperature was only from 4°C to

6°C. However, comparable increases for ethylene glycol and

FC-75 were, respectively, from 12°C to 22°C and from 39°C

to 49°C. Thus, for a given heat source,

( T* Tc) FC-75 > ( T* Tc) e.g. > ( T* Tc) water
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Therefore, among the liquids considered, water is the best

coolant with respect to temperature increase at the heated

surface.

To determine how fluid properties affect the relation-

ship between Q and temperature increase, the cooling fluid

properties for the three liquids are analyzed to generate

basic information on the significance of the cooling ef-

fect. Thus, from Table 5.1, the thermal physical proper-

ties of each of the liquids express the following relation-

ships:

kwater > ke.g. > kFC-75

CPwater > CPe.g. > CPFC-75

flwater < fle.g. < RFC-75 i

awater > ae.g. > aFC-75

Prwater < PrFC-75 < Pre.g.

and

Pwater < Pe.g. < PFC-75

Examination of these cooling liquid properties indi-

cates that liquid conductivity, specific heat, and the

thermal expansion coefficients influence temperature in-

crease. Thus, it was determined that the temperature

increase for a protruding heated surface was smaller for

the coolant with the highest thermal conductivity for given

conditions of heat input. This finding is in good agree-
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ment with the experimental results obtained by Lin [39].

For the numerical data considered for given conditions of

heat input, higher protruding heated surface temperatures

were observed for FC-75.

6.2 Streamlines, Channel Velocity Profiles, and Isothermal

Lines

6.2.1 Streamlines

The flow patterns of different channel spacing to

height ratios for the three liquids under consideration are

given in Figures 6.13 to 6.27. The dimensionless stream-

function (Eqn. 4-54) derived from numerical simulation was

used to plot the streamlines. Previously, Lin [39] exam-

ined flow motion by experimental flow visualization to

determine typical flow patterns in vertical channels sub-

ject to protruding discrete heating sources. From the

present study, the channel flow patterns from the numerical

simulation were well matched to Lin's results.

With respect to the distinct channel flow regions,

reverse flow from the circulation effect near the top sur-

face of the enclosure was found in the top portions of the

channel when the spacing was relatively large. The pene-

tration depth of these reversed flows were closely related

to both channel spacing and liquid coolant properties. The

relatively high velocity flow gathered at the front of the

heated element rose along the heated plate with protruding



Figure 6.13 Streamline and isotherm patterns for Pr = 5.9,
Rab = 1.0 x 108, (b /h) = 0.5, and R1 = 1.03.
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Figure 6.14 Streamline and isotherm patterns for Pr = 5.9,
Rab = 0.5 x 108, (b /h) = 0.4, and R1 = 1.03.
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Figure 6.15 Streamline and isotherm patterns for Pr = 5.9,
Rab = 0.3 x 108, (b /h) = 0.333, and R1 = 1.03.
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Figure 6.16 Streamline and isotherm patterns for Pr = 5.9,
Rab = 0.1 x 108, (b /h) = 0.267, and R1 = 1.03.
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Figure 6.17 Streamline and isotherm patterns for Pr = 5.9,
Rab = 0.6 x 107, (b/h) = 0.2, and R1 = 1.03.
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Figure 6.18 Streamline and isotherm patterns for Pr = 103,
Rab = 0.7 x 108, (bill) = 0.5, and R1 = 2.46.
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Figure 6.19 Streamline and isotherm patterns for Pr = 103,
Rab = 0.4 x 108, (b /h) = 0.4, and R1 = 2.46.
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Figure 6.20 Streamline and isotherm patterns for Pr = 103,
Rab = 0.2 x 108, (b /h) = 0.333, and R1 = 2.46.
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Figure 6.21 Streamline and isotherm patterns for Pr = 103,
Rab = 0.1 x 108, (b /h) = 0.267, and R1 = 2.46.
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Figure 6.22 Streamline and isotherm patterns for Pr = 103,
Rab = 0.5 x 107, (b /h) = 0.2, and R1 = 2.46.
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Figure 6.23 Streamline and isotherm patterns for Pr = 23.4,
Rab = 0.4 x 1010, (b /h) = 0.5, and R1 = 9.81.
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Figure 6.24 Streamline and isotherm patterns for Pr = 23.4,
Rab = 0.2 x 1010, (b /h) = 0.4, and R1 = 9.81.
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Figure 6.25 Streamline and isotherm patterns for Pr = 23.4,
Rab = 0.1 x 1010, (b /h) = 0.333, and R1 = 9.81.
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Figure 6.26 Streamline and isotherm patterns for Pr = 23.4,
Rab = 0.7 x 109, (b /h) = 0.267, and R1 = 9.81.
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Figure 6.27 Streamline and isotherm patterns for Pr = 23.4,
Rab = 0.3 x 109, (b /h) = 0.2, and R1 = 9.81.
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elements. In contrast, weak flow regions were located adja-

cent to unheated shrouding plate in the middle portion of

the widely spaced channel. These regions decreased as the

channel spacing to height ratio was decreased from 0.5 to

0.2.

Flow circulation occurred at the top of the enclosure

since the heated flow encountered the cooler top surface.

In the lower portions of the channel, buoyancy flows were

relatively slow. As the flow advanced along the heated

surfaces, it was accelerated downstream. These streamlines

are described in Figures 6.13 to 6.17 for the water coolant

in terms of changes in channel spacing and Rayleigh number.

The same parameters are indicated for ethylene glycol and

for FC-75 in, respectively, Figures 6.18 to 6.22 and 6.23

to 6.27. In the case of ethylene glycol, as the channel

spacing was reduced, two split circulation flow patterns

were evidenced at the upper right side of the heated

plates.

6.2.2 Channel Velocity Profiles

Plotting velocities within the channels provided sup-

plementary information on flow patterns. This was particu-

larly useful around the heated elements. Dimensionless

velocity profiles for three channel locations are shown in

Figures 6.28 to 6.32 for vertical velocities in the channel

at the midheight -level of the first through the third

protruding surface, respectively, y' /s = 0.1 , 3r/is = 0.5
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and y' /s = 0.9 . In these figures, five channel aspect

ratios for various cooling fluids are presented.

Figure 6.28 shows boundary-layer velocity profiles

along the heated side of the protruding surfaces, profiles

which were more vigorous than velocities adjacent to the

unheated shrouded plate. The profiles for locations adja-

cent to the second and third heated protruding surfaces

reflected higher velocities than the profile for the first

heated protruding surface. Negative velocities near the

unheated plate around the channel exits reflected a circu-

lation effect, which existed in the top portions of the

model.
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The velocity profiles at channel midheight level near

the unheated plate described relatively weak flows. Though

different coolants were considered, this trend remained

largely constant from Figures 6.28 through 6.31. From Fig-

ure 6.32, the smallest channel spacing indicated a para-

bolic profile. At the top portion of the model, due to

narrow channel spacing, there was no circulation effect

upon the channel. In addition, since the velocity profile

at channel midheight and that for the third protruding sur-

face were nearly identical, fully developed flow charac-

teristics were found.

6.2.3 Isothermal Lines

The temperature fields for different channel spacing

to height ratios for the three cooling liquids are also

described in Figures 6.13 to 6.27. The dimensionless tem-

perature, T, is used to plot the isothermal lines. Iso-

thermal lines for various channel spacings and Rayleigh

numbers for water as a coolant are shown in Figures 6.13 to

6.17, whereas the isothermal lines for ethylene glycol and

FC-75 are provided, respectively, in Figures 6.18 to 6.22

and 6.23 to 6.27.

Though the left plate of the test model lacked a heat

source, the existence of a shrouding plate affected the

temperature field. Based upon the location of this unheat-

ed plate, the isothermal lines within the channel demon-

strate differences between configurations. At steady-
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state, the fluid temperatures of the upper region of the

model were higher than the fluid temperatures of the lower

region. The cooled liquid temperature at the middle of the

channel entry affected by the cold enclosure was lower than

the temperature of the unheated plate at the same level.

In contrast, the temperature of the flow past the second

protruding heated device within the channel was higher than

the temperature of the unheated plate at the same level.

When the channel spacing to height ratio was set at 0.5, as

shown in Figures 6.13, 6.18, and 6.23, constant temperature

lines for the same altitudes at channel midlevel were

observed. As the ratio was decreased, the width of the

flat lines was decreased.

6.3 Cooling Capacities of Different Cooling Liquids

The heat source, Q, for each protruding heated device,

plotted as a function of the temperature difference, AT (°C)

,between the highest temperature of each protruding heated

surface and the cold enclosure temperature for the various

liquids, is shown in Figures 6.33 to 6.35. Figure 6.33

represents the third protruding heated device from the

bottom, whereas Figure 6.34 represents the first protruding

heated device. For water and FC-75 as coolants, AT in-

creased proportionate to the temperature increase of the

heat source. For given heat inputs, the AT for FC-75 was

much higher than the equivalent measure for water. For
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ethylene glycol, AT increased at a nonlinear trend with

small heat inputs, then increased proportionately with an

increase in AT . Therefore, for protruding surfaces in

devices subject to identical heat inputs,

A TFc_75 > A Te.g. > A Twate, .

The plots for Q in relation to AT for the various cooling

liquids clearly indicated that the temperature distribu-

tions were closely related to the heat transfer properties

of the coolants.

Figure 6.35 indicates that the highest temperatures

for the surface of the upper protruding device surface were

greater than the highest temperatures for the lower pro-

truding device surface. This trend contributed to in-

creased buoyancy flow subject to convection adjacent to the

upper device as well as thermal spread as the flow advanced

downstream. That is, the higher temperatures of the upper

device resulted from rising warm fluids. Though FC-75

reflected a trend of large temperature increments for given

identical heat inputs, the temperature spread between the

upper and lower device surface temperatures was larger for

ethylene glycol than for FC-75.



110

6.4 Optimization of Channel Spacing to Height Ratios in

Relation to Maximum Temperatures of Protruding Heated

Surfaces

The channel intervals which result in the most effec-

tive reductions of protruding heated surface temperatures

within heated channel systems are discussed in this sec-

tion. The determination of optimum ratios, (fl , for the
" opt

various cooling liquids was based upon consideration of

maximum protruding surface temperatures as a standard, as

indicated in Figures 6.36 to 6.38. Maximum temperatures at

the protruding surfaces for each channel were generally

found in the area of the third protruding surface.

Information derived from Figures 6.36 to 6.38 may be

used to determine which channel spacings provide minimum

value among the maximum surface temperatures for each

channel spacing at given identical heat inputs. The dimen-

sionless value, 8 , was defined as ATI/AT , , where ATi was

the temperature difference between the protruding heated

maximum surface temperature and the constant cold enclosure

temperature for each channel spacing and ATinir, was the mini-

mum value within the ATI range. Several heat inputs, Q,

for different cooling fluids were considered to indicate

temperature change trends according to changes in channel

spacing. Though these various heat inputs, Q, were con-

sidered for protruding devices in each coolant, it was
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determined that certain channel spacings resulted in the

optimization of maximum surface temperature reductions.

For water, the optimum channel spacing to height ratio

for five channel spacing options was 0.333. The largest

variation of 8 in relation to channel spacing was approxi-

mately 1.02. In turn, for FC-75 and for ethylene glycol,

the optimum ratios were, respectively, 0.4 and larger than

0.4 with values of 8 , respectively, less than 1.01 or

larger than 1.03. The values of 8 for ethylene glycol was

larger than equivalent values for the other coolants. This

finding indicated that ethylene glycol, among the liquids

considered, was the cooling liquid most sensitive to tem-

perature changes in relation to changes in channel spacing.

It is of interest to determine why and in which situa-

tions variations in channel spacing affect the surface tem-

peratures of heated protruding surface devices subject to

identical heat inputs. The fluid velocities of ethylene

glycol, near the protruding surfaces for various channel

spacings, were observed to measure this channel spacing

effect. Figure 6.39 indicates that velocities increased at

greater rates around the third protruding surface, or the

area of maximum temperature as channel spacing was in-

creased. Thus, from comparison of the results given in

Figures 6.38 and 6.39, it was found that the velocities at

heated surfaces in relation to channel spacing were signif-

icantly related to reductions in temperature.
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6.5 Heat Transfer Correlations for Vertical Channels

The plot between the Nusselt number at each protruding

element surface and the modified channel Rayleigh num-

ber, ()Rab* , based upon heat flux and characteristic

length, b, is shown in Figure 6.40 for water. This ap-

proach was based upon the method developed by Elenbaas [9]

for vertical channels. In Figure 6.40, the solid line

describes the correlation equation between the average

Nusselt number for all three protruding surfaces and the

modified channel Rayleigh number for various average heat

fluxes at the protruding surfaces and for different channel

distances. In turn, Figure 6.41 shows the plot between the

Nusselt number and the channel Rayleigh number, (72)Rab ,

based on heat input, Q. The dashed line in Figure 6.41

describes the correlation equation between the average Nus-

selt number for all protruding surfaces and the channel

Rayleigh number for various heat inputs at the protruding

surfaces and for various channel distances. From the re-

sults indicated in Figures 6.40 and 6.41, it was found that

the Nusselt number, or the heat transfer coefficient for

the first protruding element surface among all three pro-

truding surfaces, was higher than for the third protruding

element surface. Since they are directly related to knowl-

edge of channel cooling configurations, and if the channel

spacing as well as the heat flux/inputs from a heated de-

vice mounted upon a vertical plate are known, the
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correlation equations constitute a noteworthy research con-

tribution.

Correlations of the average Nusselt number computed

for all protruding element surfaces, considered as func-

tions of the channel modified Rayleigh number, (b)Rabs , or

channel Rayleigh number, (Oat, , are shown in Figures 6.42

to 6.44 for, respectively, water, ethylene glycol, and

FC-75. The modified channel Rayleigh number is a function

of heat flux and channel width. Thus, changes in channel

width or in heat flux produce changes in the Rayleigh num-

ber, which in turn results in the variation of the Nusselt

number.

For the vertical channel data, the results were com-

pared to equations provided by Fujii and Fujii [6]. The

Fujii correlation for vertical surfaces at uniform heat

flux was modified for the case of vertical channels. The

Fujii correlation equation was evaluated at midheight

(h/2) of a vertical surface for average values, and then

was multiplied by 2(72) to obtain an equation suitable for

the case of vertical channels. From the application of the

Prandtl number for each coolant, the Fujii equation for

vertical channels becomes:

0 .2

Nub = 0.673(( )Rab) Pz = 5.9 (6-1)
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Nub = 0 . 697(( b)
, Pr = 23.4 (6-2)

Nub = 0 .710(pai;)" . Pr = 103 (6-3)

Since appropriate or available correlation ranges for

modified Rayleigh numbers were not considered in the Fujii

and Fujii [6] equation, the modified channel Rayleigh num-

ber ranges were applied as wide ranges, 104 5 (P)R4 5 109 ,

in Figures 6.42 to 6.44. For water (Fig. 6.42), the re-

sults were also compared to the Lin [39] equation derived

from experimental results. However, Lin's equation was

acquired using somewhat different geometries and boundary

conditions, different conductivities for heated materials,

and different means of providing heat input to the heated

blocks. As may be seem from Figure 6.42, the values of the

Nusselt number for the research model considered in the

present study were located between the results from the

Fujii and Fujii [6] equation and the results obtained by

Lin [39] from experimentation.

For ethylene glycol, Figure 6.43 shows a comparison of

the experimental results obtained by Keyhani [30] for a

b
vertical cavity (aspect ratio, (72 = 0.222 ) based upon one

isothermal cold wall in relation to an opposing vertical

wall with three discrete, flush-heated sections of equal

height. The results for ethylene glycol obtained from the

present investigation were closer to the Fujii and Fujii
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[6] correlation data and the Keyhani [30] experimental data

than for the other liquids considered. For both water and

FC-75, the Fujii equation overpredicted the value of the

Nusselt number, particularly in higher ranges of (-7-2)Rabs ,

as shown in Figures 6.42 and 6.44. This result was antici-

pated since the present investigation was concerned with

protruding discrete heating device elements rather than

continuously heated surfaces on a single channel plate.

A comparison between the Lin [39] correlation equa-

tion, for 0.72 5 Pr 5 1009 where 0.1 5 (-'.6.2) 5 0.5 , and the

correlation equation obtained from numerical results in the

present study, 5.9 5 Pr 5 103 where 0.2 50) 5 0.5
, is shown

in Figure 6.45. It is of interest to note that though the

two approaches reflect somewhat different conditions, the

results of this comparison are well-matched with respect to

the correlation of the Nusselt number and the modified

channel Rayleigh number.

To set the correlation equation for the present study,

the independent dimensionless parameters were the modified

channel Rayleigh number and the channel Rayleigh number.

The dependent dimensionless parameter, the average Nusselt

number for all three protruding surfaces, was calculated in

accordance with the following relations to fit the heat

transfer data by the least-squares method of curve fitting.

These correlations, based upon the independent parameter

for the three liquid coolants considered and varying chan-

nel spacings, are:
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(6-4)

(6-5)

(6-6)

(6-7)

(6-8)

(6-9)

for Pr = 23.4, 0.2 512 s 0.5, and R1 = 9.8 .

For all coolants combined, the correlation equation,

*based upon an independent parameter, either (
h

b
)Rab

or ( )Rab , for the protruded vertical channel was

*

Nub = 1.6539 Rab

and

(6-10)
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(6-11)

for 5.9 s Pr s 103, 0 .2 s -b s 0 . 5, and 1.03 s Ri s 9.8 .

Average errors, maximum errors, standard deviations,

and R2 for the various correlation equations are given in

Table 6.1.

Table 6.1 Channel correlations for protruded
heated elements.

Correlation
equation

Average
error

Maximum
error

Standard
deviation R2

6-4 9.61 27.43 8.45 96.61

6-5 9.61 27.42 8.46 92.71

6-6 8.67 24.83 7.61 99.53

6-7 8.66 24.81 7.60 97.47

6-8 13.87 31.84 11.22 74.73

6-9 13.89 31.82 11.23 64.38

6-10 11.00 31.86 9.75 89.19

6-11 11.02 31.85 9.76 84.16



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusion

126

This study has developed and considered a numerical

investigation of natural convection heat transfer from

three uniformly heated protruding elements mounted on a

vertical plate placed in opposition to a second plate.

Three available cooling liquids, including distilled water,

FC-75, and ethylene glycol, were employed to compare heat

transfer cooling effects from the protruding heat sources.

Dimensionless parameters were computed for the following

ranges:

1) 5.9 s Pr s 103 ,

2) 104 < (1122) (Rab) < 1010

3) 104 < (1.12) (Rab) < 1010

4) 1.03 sR1 s9.8

5) 0.43 5 R2 5 4.05 , and

6) 0.2 s 22 s 0.5 .

From this research investigation, the following con-

clusions are provided:

1) For a given identical heat source (Q) subject to

heated elements for different cooling fluids in a
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steady-state, the temperature difference (AT)

between the maximum protruding element heated

surface temperature and the cold enclosure tem-

perature decreased as fluid thermal conductivity

(kf) or thermal diffusivity (af) increased, and

as fluid thermal expansion (Of) decreased. The

relationship exhibited was TFC-75 >ATe.g.>A;ater

That is, since

`cater > ke.g. > kFC-75

awater > ae.g.> CCFC-75

Pwater < Pe.g. < PFC-75 /

the protruding surface temperature was the lowest

in water, second lowest in ethylene glycol, and

highest in FC-75 for given discrete uniform heat-

ing among the protruding elements. Since AT in-

creased as R1 increased, the temperature differ-

ence (AT) was also in close relationship to the

conductivity ratio (R1) between the heat generat-

ing solid and the cooling liquid.

2) The temperature difference (AT) increased linear-

ly as the heat source (Q) was increased for each

protruding element in water, FC-75, and ethylene

glycol. The single exception was that with small

heat inputs, AT increased nonlinearly for ethyl-

ene glycol, increasing proportionately as heat

inputs were increased.
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3) The first protruding element exhibited the lowest

surface temperatures and the most favorable cool-

ing effect since its location was near the plate

leading edge. The maximum temperature at the

third protruding element surface was generally

higher than the maximum temperature at either the

first or second protruding element surface.

These trends contributed to the rise of warm

fluids as they were convected about the upper

element as well as thermal spread as the flows

advanced downstream.

4) Flow patterns with different channel spacing to

height ratios typically presented three distinct

flow regions within the protruding heated chan-

nel. Reversed flows from the circulation effect

near the top surface of the enclosure occurred in

the channel top portion when channel spacings

were relatively large. The penetration depth of

the reversed flows were closely related to both

channel spacing and liquid cooling properties;

relatively high velocity flows gathered at the

front of the heated element rose along the plate

with protruding elements, whereas, for large

channel spacings, weak flow regions were located

adjacent to the unheated shrouding plate in the

middle portion of the channel.
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5) The temperature fields for different channel

spacing to height ratios for different cooling

liquids were identified by isothermal lines.

From the computational results of the present

study, the configuration of the temperature

fields changed in accordance with the location of

the unheated shrouding plate.

6) To determine which channel intervals provided the

most effective reductions in protruding heated

surface temperatures, optimum channel spacing to

height ratios were investigated. Determination

of optimum ratios, (11 , was derived from ob-
4 opt

servations of temperature change trends in rela-

tion to changes in channel spacing. Several heat

inputs, Q, were applied to the protruding devices

for each coolant, resulting in the determination

that certain channel spacings served to maximize

surface temperature reductions. For water, FC-

75, and for ethylene glycol, the optimum channel

spacing to height ratios among five channel spac-

ing ratio options were, respectively, 0.333, 0.4,

and greater than 0.4.

7) The most favorable correlations for protruding

vertical channels for combinations of all the

cooling liquids were
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with standard deviations of 9.75% and 9.76%, re-

spectively, for 5.9 s Pr s 103, 0.2 s b/h s 0.5,

and 1.03 s R1 9.8.

7.2 Recommendations

Recommendations for further investigation to extend

the findings of the present study are as follows:

1) Conduct numerical simulations of enclosures with

two to three repeated vertical channels subject

to PCB-mounted protruding heated devices, based

upon patterns used within modern electronic sys-

tems. The present structure of PCB arrangements

is such that heat dissipation from heated sources

takes place partially by convection into cooling

fluids and partially by conduction to the PCB

itself. The heat conducted to the PCB is eventu-

ally removed by convection to the adjacent verti-

cal channel and is thus repeated in every verti-

cal channel.

2) Other than for 0.8, analyze heat transfer effects

by varying the ratio of protruding heated element

/
height to width, 4 .
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3) Determine the channel heat transfer effect from

increasing the number of protruding heated ele-

ments and decreasing the height of the heated

element.

4) Analyze the effect of non-uniform heat source

inputs for heated elements.

5) Other than for 1.0 Ri 10.0, analyze varied

conductivity ratios (R1) between solid and liquid

coolants.

6) Simulate various enclosure height to channel

plate ratios (H /h) to determine the effect of ve-

locity changes about the channel exits, and simu-

late various enclosure aspect ratios (H /L) to

evaluate the influence of enclosure geometry upon

flows.

7) To seek the most accurately optimal channel spac-

ing to height ratios, analyze channel spacing

widths for more than five optional widths.
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Appendix A

Verification of the Computer Code

The natural convection liquid cooling model for a

plate-mounted heat generating block in FC-75, presented by

Sathe and Joshi [40], was selected to verify the dimension-

less computer code developed for the present study. The

reasons for the selection of this specific model were that

(1) the model liquid coolant, FC-75, was considered and

(2) the numerical configuration of the model simulated a

PCB-mounted, uniformly heated device enclosed within a

liquid square cavity. Both of these considerations paral-

leled the research design developed for the present study.

Figure A.1 demonstrates a schematic design for a

liquid cooled protruding heat source assembly. At steady-

state, the isothermal lines and streamlines from the compu-

tational results obtained by Sathe and Joshi [40] were com-

pared to those obtained from the implementation of computer

codes developed for the present study. As given in Figures

A.2 and A.3 for, respectively, isothermal lines and stream-

lines, the following conditions were considered: Pr = 25,

Ra = 106, R1 = 1.0, and R2 = 10.
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Figure A.1 Schematic diagram of liquid cooling pro-
truding heat source assembly, from Sathe and
Joshi [40].
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Figure A.2 Comparison of isothermal line patterns,
from (a) Sathe and Joshi [40] to (b) isothermal
line patterns from present study.
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Figure A.3 Comparison of streamline patterns from
(a) Sathe and Joshi [40] to (b) streamline pat-
terns from the present study.


