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Introduction Heat Transfer From Plate-Fin Arrays

The exponential increase in the power density of microelec- Basic Relations. The present study attached to an isothermal
tronic components, resulting from rapid advances in semicondugeat sink base, as may occur with the use of a thick metal base,
tor technology[1], continues to fuel considerable interest in adheat pipe or vapor chamber base platgb], focuses on the ther-
vanced thermal management of electronic equipment. While theal behavior of fins. The readers’ attention is directed to a parallel
use of fin structures to enhance air cooling is a simple and attr&tudy, performed at this laboratof$] in which the base of the
tive thermal packaging technique, significant improvements fat sink was analyzed and optimized. Heat transfer from a fin
performance and reduction in resource consumption will B¥"@Y depicted in Fig. (a), is the sum of heat dissipation from the
needed if air-cooled heat sinks are to meet the demands of {Hlio%ngnfrgma;hsvﬁﬁpgﬁz%grlqulljngggraé?aﬁr?: tgre] dagr?yistz)ﬁgrmal
CMOS chips cgrrently under development. The use Qf passn{)ease, the heat transfer; can be approximated by
natural convection-cooled rectangular plate-fin heat sinks offers
substantial advantages in cost and reliability, but is often accom- 07 = NtinGtin T Npaséb O Q)

panlegl by relatively low heat transfer rates. .Th? d(_avelopment \?/E\erenﬁn is the total number of fingyy, is the heat transfer rate
techniques for _the enhapcement of hea_t d'ss'pf_"t'on from SUOm a single fin,hyaseiS the average heat transfer coefficient for
natural convection heat sinks, on the basis of projected area, hm%t unfinned base ared,, and 6, is the array base-to-ambient
sink mass, and heat sink volume, is, thus, essential if this therm@hperature difference. It is convenient to divide the base area
management technique is to meet the expectations of the packago “unit cells,” around each finAp ¢, and to re-express E¢l)
ing community. in the form
The effort described herein builds on the strong theoretical base
of the Kraus single plate-fin design and optimizatj@h and ex- Gr="in(Ain* Nbasé s, ¢ Ob) 2
tends the benefits of “least-material” single fins to the multiple firThe base area and fin area, available for heat transfer from each
arrays that constitute most heat sinks. In order to concretize tfire, can be found using
benefits of such “least-material” heat sink designs, the proposed

modeling and optimization techniques will be applied to an ad- Avi=Ls 3)
vanced heat sink configuration, considered suitable for the cooling Agn=2(LH+Ht+Lt/2) 4)
of a high-end microprocessor, later this decade. Thus, many of the . ' .

results are derived for an aluminum heat sink on &10 cm WNereNrin is the number of plate-fins on the array, given by
base, operating at an excess temperature of 25 K. In consideration Nin=WI/(s+1) (5)

of design and manufacturability constraints, the design space was
chosen to include plate fins, between 1 and 15 mm in thickness, h | plate-fi | X
well as fin lateral spacing from 1 to 15 mm. Further parametric e total plate-fin volume Is
analysis was performed on arrays of different base &&& cm

- . . _ Viin=nNgpHLE (6)
and 15<15 cm) yielding trends consistent with the present find-

ings and making it possible to generalize these findings to tﬁ@plymg the I\_/Iurr?y-%ardnerhasEumpgpns_ pr_owded[ﬂjb_?nd f
thermal optimization of a broad range of fin arrd@3. assuming an insulated tip, the heat dissipation capability of a
single fin can be expressed as

qfin: Lkﬁntﬁbm(tanhm H) (7)

In this relation,mis the fin parameter equal to

assumed equal to the number of interfin spaces.
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Fig. 1 Rectangular plate-fin heat sink array— (&) vertical configuration, (b) 2-D plate-fin schematic

m= (2h, / Keint ) 2 (8) 0.59 was chosen for the isolated platg asymptote, and used, as

) - - . well, to calculate the heat transfer coefficient prevailing along the
wherekg; is the thermal conductivity of the fir,is the thickness oy 65ed area of the heat sink base. Models for widely spaced plate
of a plate fin, andhy, is the average fin area heat transfer coeffiyrays have resulted from research by Yovanovich and co-workers

cient. o o “at the University of Waterlo¢16—19. This subsequently led to

For such a rectangular longitudinal fin, the fin efficiency ig,e development of the META codd9], which utilizes correla-
calculated using tions based on the square root of the fluid wetted area as the
7in= (tanhmH)/mH (9) characteristic dimension. Amore comprehensive annular heat sink

. ] ] model can be found in Wang et #20,21], and subsequent exten-
The geometric parameters for the plate fin arrays are illustratedgyn to rectangular plate-fin array characterization is currently un-
Fig. 1. der development at the University of Waterl®2].

Heat Transfer Coefficients. Elenbaag7] was the firstto ex-  channel Values. For typical heat sink fin spacings, the pre-
amine natural convective heat transfer between isothermal vertiga|ling heat transfer coefficients are intermediate between the iso-
flat plates and to document the variation of the heat transfer cogfteq plate and fully developed limits, and can be found from
ficient with plate spacing. For wide spacings, the coefficient wagrelations for natural convection in parallel, vertical plate chan-
found to approach values associated with isolated plates, wherggfs[14,15. Bar-Cohen and Rohsend4] extended the pioneer-
for closely spaced plates the heat transfer coefficient decreaseship Ejenbass correlation to a variety of boundary conditions.
values associated with fully developed, laminar flow. Widelyyhen applied to nonisothermal plates, as encountered in rectan-

spaced limit: for typical heat sink sizes and temperatures diffejyjar plate-fin arrays, this composite Nusselt number correlation
ences, laminar flow can be expected to occur, justifying the usetgkes the form

the commonly used form for the laminar flow Nusselt number

correlation for the isolated plate heat transfer coefficient Nug,= hqs/k¢=[576( ﬂfinE|)2+2-873( nﬁnEl)UZ]l/Z (13)
Nu =[CRa"*] (10) : .
where El is the Elenbaas number given by
Or, extracting the heat transfer coefficient from the Nusselt
number El=(gB6,Pré)/L 12 (14)
hpase=[ CRa k¢ /L (11)

and whereny, is used to relate the Nusselt number to the average

where k is the fluid thermal conductivity, and Ras the Raleigh temperature of the fin surface, i.85 75,6, . Equation(13) rep-

Number based on the length of the heat sink bhsand is given resents a smoothly varying Nusselt number relation, where the

by, first term [576/(55,El)?] represents the closely spe}ced channel

_ 3y/,,2 condition, while the second component 2.873/EI)Y? charac-

Ra=(9B0,PL7) v (12) terizes the isolated plate limit. This relation can be used to deter-

The heat transfer literature is rich in studies of laminar naturgdine the Nusselt number and heat transfer coefficient for any

convection from vertical, isothermal plates. Nearly all of thehannel spacing.

available results can be correlated in the form of Ed). The ) ) ) o

value of C has been reported to be in the range 0.515-0.59 _in':In Arra_y Metrics. In_ evalu_atl_ng and Charactenzmg the cool_-

[8—10. More complex expressions f@, recognizing the depen- iN9 capacity of a h_ea_t smk_, it is important to recognize the exis-

dence on the Prandtl number, Pr, are providefild—13, which tence of §evere_1l distinct fln_ array metrics. Often heat sinks are

yield values of 0.515—0.55, on assuming a Prandl number of 0. £haracterized simply by their thermal resistan@g,, expressed

However, the values fd€ obtained in widely spaced parallel plate®S

channels most relevant to plate-fin array heat transfer, are found to

be in the range 0.59-0.62,14,15. In this study, aC value of Rhs= /0t (15)
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Fig. 2 Array heat transfer coefficient,  h,, W/m?K, plate-fin arrays, H=4.5cm, L=W=10m, kg =200
W/m-K, 0,=25K

While system designers may fifid),s the most useful of the heat where pg, and Vy, are the mass density and volume of the fin

sink metrics, its use masks the effect of heat sink area, as wellraaterial in the array, respectively.

volume and material choice, on its thermal performance. The “space claim” heat transfer coefficiert,., which repre-
The effect of base area can be best captured in an array heatts the utilization of the volume occupied by the heat slnk (

transfer coefficienth,, referenced to the area and excess tem< WX H) for heat dissipation, can be calculated using

perature of the base, as

ha= 07 /LWa, (16) hee= 7 /LWH, (19)

Comparison of, values to those normally associated with natural | egst-Material Plate-Ein Arrays. While Eq.(7) can be used

or forced convection on a bare surface can serve to identify thedetermine heat transfer from any plate-fin geometry, it has been
thermal enhancement provided by the use of the fins. found possible to determine the fin aspect ratitH) of the so-
Figure 2 displays the variation df, for arrays of plate-fins in cajled “least-material” geometry, which maximizes the heat trans-
the configurations shown in Fig. 1, placed on ax® cm base fer rate for a given fin volume and mg&524—24. In their classic
operating at an excess temperature of 25 K. fiéor the plate- ork, Kern and Krau$2] showed that the least-material plate fin
fin array rises with increasing fin spacing, attaining a maximufg characterized by a unique value of the mH product, equaling
value of approximately 52.4 W/, for 1 mm thick fins, or 14192, Since the efficiency of such a fin is solely dependent on
nearly an order of magnitude above natural convection on the bagg mH product, the efficiency of the least-material plate fin is a
surface, at a spacing of approximately 8 mm. It then decreagg&d value, equal to 0.626. Subsequently, geometric optimizations
more gently as the spacing continues to widen towards 15 mmef single fins, taking into consideration the effects of variable
Elenbass[7] was the first to suggest that such an optimurthermal conductivity, heat loss from fin tip, and internal heat gen-
spacing, at which the product of the plate area and plate heajtion, have been provided by Ai27] and in Kraus et al[26].
transfer coefficient, constituting the overall array heat transfer The aspect ratio and the heat dissipation of the least-material

rate, was a maximum, existed for each array. The optimum fﬁ"!ate fin can be found from the following expressid@as):
array Nusselt number value was found to be equal to 1.25. Based

on Bar-Coher{23], an expression for the optimum spaciisg,,
is as follows: t=0.99%;,H%/Ksi, (20)

Sopt™ 2.6&LV2/9,8 Nin O PT va (17)

It may be noted that modification of E@l3), to incorporate a

lower C value of 0.515, and recorrelation of E(L7) yields a . A

nearly identical expression for the optimum spacisg,{ Sep Least-Material Array Optimization

=2.677Lv%/g9Bnmb,Pr)Y4, indicating only a minor depen- The preceding has revealed that there exists a fin spacing in

dence of the optimal design on the isolated platealue. plate fin arrays, which maximizes the heat transfer rate from the
The effectiveness with which fin material is utilized in the proarray. Moreover, relations have been presented for determining the

motion of heat transfer can be characterized by the mass sped#iect ratio of each of the fin shapes, which maximizes heat trans-

Uin= 1.25. Oy tHKg) 3 (21)

heat transfer coefficient, which is given by fer for a specified fin mass. It appears that the desire to minimize
the cost and weight of commercial heat sinks, while substantially
hm=ar/pfinViinbh (18)  enhancing their natural convection cooling rate, can be best ad-
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Fig. 3 Array heat transfer coefficient,

h,, W/m2-K, plate-fin arrays— (a) array mass =0.125 kg, (b) array
mass =0.25 kg, (c) array mass =0.375 kg, L=W=10cm, aluminum, k;,=200W/m-K, 6,=25K

dressed by the design of fin arrays that combine these two f&-where the variation of the array heat transfer coefficiegt, h
tures, using least-material fins that are optimally spaced from eaghh fin aspect ratio and fin lateral spacing, is plotted for a fixed
other.

Doubly Optimum Arrays.

array mass. Examining Fig. 3, it may be seen that of the configu-
This concept is illustrated in Fig. ration explored, the doubly optimum array consistently yielded
Journal of Electronic Packaging
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Fig. 3 (continued )

the highest heat transfer rates, with minimum thermal resistandesbe evaluated. As a consequence, the computation time re-
of 1.23, 1.0, and 0.9 K/W for aluminum fin mass of 0.125, 0.25juired to identify the most desirable configurations is dramatically
and 0.375 kg, respectively. shortened.

Succeeding sections of this manuscript provide the results of a - .
large number of computations aimed at quantifying the therm&l Array Heat '!'ransfer C_:oeff|0|ent. AS ant|C|_pate_d from Bar_-
performance of such “doubly-optimum’ natural convection ar—0nen and Jelinek25], Fig. 4 reveals that the fin thickness which
rays. The least-material formulations provide a functional depeffiaXimizes array heat transfer is found to equal the optimal clear
dence between the fin dimensignand fin heightH, thus eli- norizontal spacing. For the conditions typical of this advanced
minating the fin height as an independent variable, and considBf2t Sink, the dimensions are found to equal 9 mm, maximizing
ably reducing the number of heat sink configurations that ne array heat transfer coefficient at 198 Vi Interestingly for

4
s B
e 3
= £
Fig. 4 Array heat transfer coefficient, W /m?-K, least-material Fig. 5 Mass specific heat transfer coefficient, hy, o WIKg-K,
plate-fin arrays, L=W=10cm, aluminum, kg;,=200W/m-K, @, least-material plate-fin arrays, L=W=10cm, aluminum,
=25K Pin=2700 kg/m?®, k=200 W/m-K, 6,=25K
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Fig. 7 Comparison of metrics for optimum designs, optimal
least-material plate-fin arrays, L=W=10cm, aluminum, kg,
=200 W/m-K, 0,=25K

Fig. 6 Space claim heat transfer coefficient, hse, WIM3K, . .
least-material plate-fin arrays, L=W=10cm, aluminum, kg, and h,, values that are 62 and 83%, respectively, of their corre-
=200 W/m-K, 6,=25K sponding maximum values. Alternatively, the optimizegd and

h,, designs perform poorly with respect to mass utilization and
total heat dissipation, respectively.

a broad range of fin thickness between 6 and 15 mm, and spacingdaterial Selection. The thermal optimization discussed thus
between 8 and 10 mm, the array heat transfer coefficient is seerfi@bwas carried out for aluminum, the most common of heat sink
fall only 5% below the peak value. For the conditions shown, thigaterials. Following2] the ratio ofkg, / pg, can serve to guide the
base area can thus transfer up to some 50 W in natural convectigglection of heat sink materials with the highest value material
An upper bound for maximum heat dissipation can be estimatedi!ding the best heat transfer capability per unit mass. A sum-
be 222 W/m-K, by extending the optimal plate-fin geometry tomary of metric values obtained for aluminufAl), magnesium
infinite height[24]. (Mg), and coppefCu), are detailed in Fig. 8 and Table 1. While

It may be noted that, for a base temperature of 70 °C andaminum and copper, witlkg,/pg, ratios of 0.074 and 0.045,
ambient temperature of 45 °C, the heat transfer via radiation, ggspectively, are commonly used heat sink materials, Kraus and
timated by the Bilitzky[24,28 effective channel emittance values Morales[29] were the first to clearly describe the advantage of

yielded a negligibleh, contribution of approximately 0.21 magnesium, with &g,/ps, ratio of 0.09. A more recent study on
W/m?K for the optimum configuration. the use of magnesium fin arrays, can be found in Brown et al.

[30]. The magnesium M1A alloy used in this stud0] possessed
Mass Specific Heat Transfer Coefficient. The mass-specific a thermal conductivitykg,, of 138 W/m-K and a densityy, , of

volumetric heat dissipation for the specified plate-fin arrays #&760 kg/n?, which deviates mildly from the ideal values pre-
plotted in Fig. 5, showing the maximum value of 2.5 W/kg-K tgsented in Table 1. Looking closely at the maximum optimum col-
occur at largest horizontal spacing of 15 mm for the smallest fiimns of Table 1, it can be seen, as anticipated, that the copper
thickness of 1 mm. Comparison of Figs. 4 and 5 reveal that maxtrays show higher values fbr, than the magnesium and alumi-
mum thermal performance occurs at the expense of material (ittm heat sinks by a factor of 1.6 and 1.4, respectively. The Mg
lization, providing only 0.23 W/kg-K. Conversely, the geometryand Al designs are considerably better than copper with respect to
yielding the highest value dfi,, is only capable of transferring hm, by a factor of 5 and 3.3, respectively. Comparisons for height
some 85 W/rAK, far below the best value of nearly 200 WK, ~ constrained least-material designs, provided in Table 1, show the

This “best” h,, array thus uses some 335 g to transfer 21 W. different fin materials to have comparable heat dissipation capa-
bility and thus space claim utilization. However, with respect to

Space Claim Heat Transfer Coefficient. In Fig. 6, which  array mass utilization, the magnesium and aluminum designs out-

plots the least-material space claim heat transfer coefficient for therform the copper arrays by a factor of 1.7 and 2, respectively.
rectangular plate heat sink against the array geometry, the maxi-

mum hg of 566 W/nt-K, is found to occur at a fin thickness of 1

mm and a lateral spacing of 9 mm, the previously recognizegeneral Optimization for Fixed Base Area
optimum spacing. Consideration of volumetric efficiency thus . . . . . .
The optimal fin dimension and horizontal spacing resulting

provide a design with 67% shorter fins than desired for the ma>§ir-om the least-material optimization can be considered to be a

i i i i i 0, th
mum h, value, with a drop in heat dissipation of 38%. lntereStstarting point for array optimization. The use of E60) and(21)

Fgsure that each fin will have the lowest mass possible for the
resulting value ofys,, i.e., it will constitute an individually opti-
mum fin. A more comprehensive search of the relevant parametric
Metric Comparison. The development and optimization of aspace is needed to establish the fin geometry that yields the true
particular heat sink design requires guidelines regarding the retaray optimum. Typical results of the global plate-fin array opti-
tive importance of the various thermal metrics. However, Fig. mization are illustrated in Fig. 9, with reference to seven distinct
shows the maximumgadesign to be the most satisfactory, wherconfigurations. The design space explored for the horizontal spac-
considering heat dissipation capability, in conjunction with maténg, s, and the fin thicknesg, is the same as that for the least-
rial and space claim utilization. The maximurgy tesign yields, material analysis, and the fin height is varied from 0.05 m to 1 m.
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Fig. 8 Thermal performance metrics, least-material plate-fin arrays, copper— (@ h,, Wm2K, (b) h,,, W/kg-K, (c)
hge; W/m3-K, magnesium: (d) h,, W/m?K, (&) h,,, Wikg-K, (f) hs., WIm3-K; L=W=10cm, 0,=25K

Table 1 Summary: maximum heat transfer and height constrained designs, least-material optimization, L=W=10cm, 0,=25K
Maximum-optimum Fin height 100 mm Fin height50 mm
Parameter Al Cu Mg Al Cu Mg Al Cu Mg
prin,» Kg/ne 2700 8933 1740 2700 8933 1740 2700 8933 1740
Kfin » W/m-K 200 400 156 200 400 156 200 400 156
Geometry
t, mm 9 9 9 0.21 0.11 0.3 0.05 0.03 0.07
s, mm 9 9 9 9 9 9 9 9 9
H, mm 648 917 573 100 100 100 50 50 50
Array mass, kg 8.6 41 5 0.063 0.11 0.052 0.008 0.013 0.0065
Fin number,N 6 6 6 11 11 11 11 11 11
Aspect ratioH/t 72 102 64 466 934 364 934 1867 728
Spacing ratioH/s 72 102 64 11 11 11 6 6 6
Metrics
QW 49.5 69.7 43.8 16.1 16.3 16 8.93 8.95 8.91
ha, WIM%-K 198 279 175 64.5 65.3 64.1 35.71 35.82 35.65
hyn, WIkg-K 0.23 0.07 0.35 10.3 6.2 12.4 45 27 54
hse, WIm*-K 305.6 279 306.2 645 653 641 714 716 713
Min 0.626 0.626 0.626 0.626 0.626 0.626 0.626 0.626 0.626

250

It should be noted that the range of fin heigttis,has been de-
liberately extended to uncommonly large values to aid in makir
the appropriate comparisons. 200

Examination of Fig. 9 reveals that a “maximizing” fin height s’:'::":g
exists for each fin thickness-fin spacing configuration. The arri '
heat transfer coefficient appears to increase steeply, as this y — o emet
height is approached, and to decrease in a gradual fashion g st
this value ofH is exceeded. This drop-off in fin performanceZ —a—s=Li=1s
appears to result from the decrease in fin efficiency, accompan“ o | —e—s=at=15
by a reduction in the fin heat transfer coefficient, for fins of prc —e—s=151=15
gressively greater height. Despite this variation, it is easy to s s=15,1=1

that more than a factor of two separates the performance of 1 50

“best” and the “worst” arrays considered, thus justifying the ef-

fort required to optimize heat sink designs for electronic coolin

applications. °
It can be seen from Fig. 9, that the best performing array h

the same lateral spacing and fin thickness as for the least-material

optimal array, justifying the use of the least-material approach Fy. 9 Array heat transfer coefficient,  h,, plate-fin arrays, L
design fin arrays. The “best” performing array improves on the W=10cm, kg, =200W/m-K, 8,=25K

0 01 02 03 04 05 06 07 08 09 1
H,m
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(@) Aluminum A

Fig. 10 Plate aspect ratio, H/t, least-material plate-fin arrays, (a) aluminum, (b) copper, (c) magnesium, L=W
=10cm, 0,=25K

thermal performance of the least-material optimal array by onimanufacturing techniques, providing an incentive for the develop-
2%, thus indicating excellent estimation of the maximum heatent of innovative manufacturing techniques, that allow the
dissipation by using the least-material procedure. This improveranufacture of thermally optimal fin arrays.

ment is as a result of extending plate height of the optimal “least-

material” geometry from 0.648 m to 0.8 m, increasing the arrayjomenclature

mass by 23%.
A = heat transfer area

P . . - — 3 2
Manufacturability Considerations El = =gpBPrg,s°(s/L)/v*, Elenbaas no. based an
. . . . L H = fin height, m
The financial constraints at work in the electronic industry L = length of array, m
make it essential that specific cooling requirements be achieved py — prandtl no.,= uc, /K
with the lowest cost solution. The material and manufacturing Rz — =gBPro,L% 12 anleigh’s no. based ob

costs are the major factors influencing the use of plate fin heat g ~ — heat sink thermal resistance. K/W

sinks, especially in micro-electronic applications. In large volume V?S = total plate-fin array volume, M

production, the “least-material” methodology when utilized in \}{‘, = width of array
conjunction with manufacturing consideration, will nearly always . = fuid specific heat, J/kg-K
provide the lowest cost solution. Thus, in the coming years the |

. . : . . 5 = gravitational acceleration, n¥/s
designers will be required to work closely with the heat sink — array heat transfer coefficient based on base area
manufacturers, to generate high-performance cooling solutions, at = W/m-K '
the lowest cost possible. Manufacturability constraints, when ap- , — avg. exposed base area heat transfer coefficient
plied to the thermal design, will result in heat sinks with reduced = WIME-K '
thermal performance. In the current study, maximum volumetric |, _ space claim heat transfer coefficient, i/
heat transfer coefficient is found to occur at largest horizontal hS,C = average fin heat transfer coefficient ‘V\?lm
spacing of 15 mm. However, Figs. 4, 5, and 8 indicate a plateau " _ y

h,, = material specific heat transfer coefficient, W/kg-K

for hy,, for higher value of,, allowing the designer to ignore the ki, = thermal conductivity of heat sink material, W/m-k

geometry effects on volumetric heat dissipation, when designing kf = thermal conductivity of fluid at base of array.
in these ranges df, , thereby also relaxing the tolerance required W/m-k '
for their manufacture. Existence of design plateau also allows for ., — fin parameter
flexibility in choice of manufacturing process. ni, = total no. of fins in array

The fin heights recommen the least-material optimization " _ Cecinati - -
are oeften o'atg ofsth(zc?ang: o(?i(:(ibs)t/ingeme:nsufac?uerinag\; (t)gchnoligoy Gin = heat dissipation from sm_gle fin, W

. 7= e * Q7 = total heat transfer from fin array, W
Figure 10 shows the variation of the plate aspect ratio with array ' — |ateral clear spacing in fin arrays, m
geometry. A close comparison of the aspect rattd4, for the t = fin thickness. m '
different materials, indicates the magnesium arrays to be easier to B = thermal coef’ricient of expansion, ¥
manufacture than the other arrays. 7 = fin efficiency '

. . . . . n

The trends observed in this section, suggesting th_e |mprov¢d w = mean dynamic viscosity of fluid
thermal performance for arrays of large aspect ratios and fin = _ & terial density. ka/fm

; . ) ) . . Pfin in material density, kg
heights, provides incentive for the development of innovative —

X X v = mean kinematic viscosity of fluid
manufact_urlng_technlques, that allow the manufacture of ther- g, = array base excess temperature, K
mally optimal fin arrays.

Subscripts
Conclusion b, base= fin array base
A least-material optimization procedure has been successfullyﬁnh";‘ i hﬁ;‘;i:gk
demonstrated for vertical rectangular longitudinal plate fin arrays ,m _ Pnass

in natural convective heat transfer. The optimally spaced least-
material array was also found to be the globally superior thermal
design, showing the least-material approach to be a suitable opti-
mization design heuristic. A comparison of the thermal perfor-
mance for different materials shows magnesium to be the md3eferences

efficient in material utilization. The fin aspect ratios of these op- 1] Bar-Cohen, A., 1992, “State-Of-The-Art and Trends in the Thermal Packaging
timum arrays appear to be largely out of the range of conventional  of Electronic Equipment,” ASME J. Electron. Packagl4 pp. 257—270.

opt = optimal, optimum
c = space claim
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