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INTRODUCTION

One important consideration of electronic equipment design is the effective dissipation of the
heat produced by the electronic components. Thermal management is necessary to avoid
overheating the apparatus since overheating can degrade reliability and cause premature failure.
Continuous advances in the electronic industry have produced more sensitive components, which
has caused proper heat management to become even more crucial. Heat is dissipated from the
electronic devices by being transferred to the external ambient by all heat transfer modes
(conduction, convection, and radiation). The natural convection and radiation modes of heat transfer
are commonly applied cooling techniques for electronic equipment of low to moderate power density,
such as computer chips, electronics, and telecommunication boxes. The main advantages of natural
convection are high reliability, low noise, and low power consumption.

Heat sinks are devices that are used to enhance heat dissipation from hot surfaces to cooler
air. Typically, the fins of heat sinks are oriented in a way to permit a natural convection air draft to
flow upward through rectangular U-channels. Heat sink design goals may vary, but the main
concern, most commonly, is the optimization of the natural convection heat sink. The optimization of
the heat sink has become an essential practice for electronic equipment design. The procedure for
the optimization of a heat sink consisting of an array of straight, vertical, and rectangular fins was
formulated in a DTIC report (ref. 1).

The procedure mentioned in reference 1 was coded into Microsoft Excel. Excel was used for
its ability to quickly manipulate large amounts of data into orderly spreadsheets and charts. Excel
makes it easy to store a vast amount of data, perform numerical calculations, and follow trends on
corresponding charts. For the type of heat sink under consideration, it allows the user to immediately
see the resulting heat sink efficiency, given a combination of input parameters, and determine an
optimum heat sink design.

The program, “Rectangular Heat Sink Design and Optimization Code,” is used for design and
optimization of the vertical oriented rectangular heat sink. It calculates the optimal fin spacing and
efficiency, a whole heat sink efficiency, heat dissipation, and the maximum heat sink temperature
based on the input parameters (fin length, fin height, fin thickness, fin material, maximum allowable
temperature, and ambient temperature). One of the advantages of this Excel code is the ability to
display new results with any alteration of the input parameters. As an example, the code user could
fix the heat generated by the electronic component and then change the fin parameters until the total
heat transferred from the heat sink matches the heat generated. From that moment, the heat sink
temperature can be immediately read as well as the corresponding optimal fin spacing. Detailed
examples are included further on in this report as a guide to the reader and to demonstrate the
versatility of the code.

This report is essentially an attempt to put together a documentation for this code in one
place for the convenience of the user. The author would appreciate any feedback from the user that
can help improve future documentation of this program.

DESCRIPTION OF THE CODE

As mentioned previously, a procedure for the design and optimization of a naturally cooled
heat sink with rectangular fins was coded into Microsoft Excel. This spreadsheet represents the
coded procedure outlined in reference 1. This procedure includes the calculation of a convective
heat transfer coefficient for natural convection (ref. 2) as well as the radiative heat transfer coefficient
for the U-channels outlined in references 3 and 4.

Approved for public release; distribution is unlimited.
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INPUT DATA

The input data consists of a series of cells enclosed in an orange colored box. In table 1, an
example of the input “deck” is given. The input is categorized into four groups: electronic component
details and ambient temperature, air properties from tables, heat sink base dimensions, and fin
dimensions.

Table 1

Input data for the present code
INPUT DATA
Q= 20 W Heat Generation by Electronics to be managed
Ta= 20 C Ambient temperature
Tw= 50 C Maximal Desired Wall temperature of electronics to be managed
AIR PROPERTIES from Tables
Beta= 0.003 1/K evaluated at the Ta
nu= 2.03E-05 m?/s evaluated at the Tw
Pr= 0.69 evaluated at the Tw
mu= 2.05E-05 kg/ms evaluated at the Tw
cp= 1007 J/kgk evaluated at the Tw
ro 1.012 kg/m? evaluated at the Tw
k= 0.03 w/mK evaluated at the Tw
Box, Chip or Heat Sink Base Dimension
H= 3.937 inch Height
W= 5.4232 inch Width
Fin dimension
H= 3.937 inch height of a fin
L= 0.98425 inch length of a fin
tf= 0.020866 inch thickness of a fin
epsilon= 0.82 surface emission coefficient of a fin
kmat= 4.84 w/inK fin material conductivity

In the first three cells, the user is required to define the amount of heat generated by the
electronics under consideration, the ambient temperature, and the maximum allowed temperature of
the heat sink (or of the electronics in contact with the heat sink). The next seven cells are reserved
for the air properties obtained from air tables. Except for the volume expansion coefficient (Beta, ),
which is evaluated at the ambient air temperature (Ta), all other air properties [i.e., Nusselt number
(Nu), Prandtl number (Pr), kinematic viscosity (Mu, p), specific heat (Cp), density (rho, p) and
thermal conductivity (k)] are evaluated at the wall temperature (Tw). The box, chip, or heat sink’s
base height (H) and width dimensions (W) are the next required input. Finally, the fin dimensions are
also required. Fin dimensions consist of its height (H, generally the same as heat sink base height),
length (L), and thickness [tf (fig. 1)] as well as the surface emission coefficient of the fins (epsilon, €)
and the fin material conductivity (kmat).

Approved for public release; distribution is unlimited.
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Figure 1
Heat sink and fin dimension parameters

The only additional requirement for this section is using units consistent with what is shown in
table 1. Note that the units are a mix of metric and U.S. customary units.

CALCULATED RELATIONS FOR UNSHIELDED SURFACES FROM INPUT DATA

To obtain more realistic results for the heat sink dissipation and temperature, the outer
surfaces of the heat sink must be considered separately. Table 2 represents calculated relations for
those unshielded surfaces.

Table 2
Calculated relations for unshielded surfaces

Approved for public release; distribution is unlimited.
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The heat transfer coefficient equations used for the calculation of the properties of the
unshielded surfaces, resulting from the input data, are presented in the following equations. The
theoretical background for these correlations can be found in reference 5.

0.25
AT
he, =0.0024 —
4( H j

(T, +273)" —(T, +273)’

h, =3.657x10™"

Tw-Ta (2)
h, =h, +éh, 3)
Cso — ho Ao (4)

Where hy is the total (convective and radiative) heat transfer coefficient for the outer fins.

CALCULATED CONVECTIVE CORRELATIONS FOR U-CHANNELS

The Nusselt number (Nu, the ratio of convective to conductive heat transfer across a
boundary) for the U-channels formed by the rectangular vertical fins is calculated using a modified
Elenbass’s equation as proposed by Van de Pol and Tierney (ref. 5). The following equations are
used to calculate the Nusselt number for the U-channels.

Nu =Ri l1—e
W

r

()

0.17
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{ [1+ Z}{u (1— 0% )(9.14a%e"5 - 0.61)}
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Where:

e Rais the Rayleigh number, a dimensionless number used to calculate nature

convection
o Gris the Grashof number, a dimensionless number used to approximate the ratio of
the buoyancy to the viscous force acting on a fluid

UNCLASSIFIED

Vv

S
a=—
L

~11.8(in™h)

Psi (y) is the linear thermal transmittance

r is the ratio of area to perimeter of the U-channel
S is the spacing between fins

a is the ratio of spacing to fin length
V is the numerical constant obtained experimentally (ref. 3)

©)

(10)

Values of the Nusselt number together with the values obtained from equations 5 through 9
are shown in tabular form in table 3 as a function of the number of fins.

Table 3

Calculated Nusselt number and correlations as a function of fin number

# of Fins

© 00 ~NO O WN

NNNNNRRRRRRRRRPR
EWONRPROO®O~NO®UNAWNEREO

25
26

S(inch)
5.3815
2.6803
1.7799
1.3297
1.0596
0.8795
0.7509
0.6544
0.5794
0.5194
0.4703
0.4293
0.3947
0.3650
0.3393
0.3168
0.2969
0.2793
0.2635
0.2493
0.2364
0.2247
0.2140
0.2042
0.1952

r(inch)
1.4413
1.1350
0.9347
0.7936
0.6888
0.6079
0.5436
0.4911
0.4476
0.4109
0.3796
0.3525
0.3288
0.3079
0.2894
0.2729
0.2580
0.2446
0.2324
0.2212
0.2110
0.2017
0.1930
0.1850
0.1776

a

5.4676
2.7232
1.8084
1.3510
1.0766
0.8936
0.7629
0.6649
0.5887
0.5277
0.4778
0.4362
0.4010
0.3709
0.3447
0.3218
0.3017
0.2837
0.2677
0.2532
0.2402
0.2283
0.2174
0.2075
0.1984

Note: Ra* refers to the Rayleigh number.
Approved for public release; distribution is unlimited.
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Ra*
26552.6089
10209.7802

4697.3269
2440.9918
1385.2678

840.3511

537.1249

358.0498

247.0671

175.4833

127.7344

94.9582
71.8962
55.3154
43.1661
34.1129
27.2647
22.0141
17.9392
14.7415
12.2068
10.1791

8.5431

7.2129

6.1235

W

3.9327
10.6621
13.3851
14.3530
14.8033
15.0931
15.3191
15.5025
15.6450
15.7464
15.8092
15.8391
15.8435
15.8300
15.8058
15.7769
15.7483
15.7235
15.7051
15.6948
15.6936
15.7020
15.7202
15.7479
15.7848

Nu,

7.5860
5.9584
4.8882
4.1285
3.5581
3.1111
2.7488
2.4469
2.1899
1.9670
1.7709
1.5963
1.4394
1.2974
1.1680
1.0498
0.9415
0.8421
0.7510
0.6676
0.5915
0.5223
0.4597
0.4035
0.3531
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One of the most important correlations in table 3 is spacing, S. As it will be seen in worked
examples at the end of this report, optimal spacing is one of the most important variables in heat sink
design and optimization. Once the optimal number of fins is reached, any other increase in the
number of fins will lead to a reduction in the heat transfer from the fins and ultimately lead to an
increase of heat sink’s temperature.

Once the Nusselt number is obtained, the convective heat transfer coefficient (hg) for the U-
channels, fin efficiency (nysin), heat sink efficiency (nsink), conductance of the inter-fin passages (C.i),
and effective conductance of the inter-fin passage (Ccieta) Can be calculated using equations 11
through 15.

(11)

(12)
(13)
Cci = 77hci Ai Ccieta — 77CCi (14)
1-75
Msnk = 1= A, -
H boxW box (15)

Where Ai is the interior area determined by the number of fins, N.

Obtained results are sorted in tabular form in table 4 as a function of the numbers of fins.

Approved for public release; distribution is unlimited.
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Table 4
Convective heat transfer and conductance results as a function of number of fins

#of Fins hci(W/in®C) Al Cci WIK)  Nin Nsink  Ccieta (W/K)
2 000401  29.10 012 0975  0.966 0.11
3 000400  36.85 015 0975  0.957 0.14
4 000398  44.60 018 0975  0.948 0.17
5 000396  52.35 021 0975  0.940 0.20
6 000394  60.10 024 0976  0.931 0.23
7 000390  67.85 026 0976  0.923 0.26
8 000385  75.60 029 0976 0915 0.28
9 000380 8335 032 0976  0.908 0.31

10 000373  91.10 034 0977  0.901 0.33
11 0.00365  98.85 036 0977  0.895 0.35
12 0.00356  106.60 038 0978  0.890 0.37
13 0.00345 114.35 039 0978  0.885 0.39
14 000334 122.10 041 0979  0.881 0.40
15 000321 129.85 042 0980  0.878 0.41
16 0.00308  137.60 042 0981  0.876 0.42
17 0.00293 14535 043 0982  0.875 0.42
18 0.00278 153.10 043 0983  0.875 0.42
19  0.00262 160.85 042 0984  0.876 0.42
20 000246  168.60 042 0985  0.878 0.41
21 000230 176.35 041 0986  0.881 0.40
22 000214 184.10 039 0987  0.884 0.39
23 000197 191.85 038 0988  0.888 0.37
24 000181  199.60 036 0989  0.893 0.36
25 000166  207.35 034 0990  0.898 0.34
26 000152 215.10 033 0990  0.904 0.32

CALCULATED RADIATIVE CORRELATIONS FOR U-CHANNELS

The procedure for calculating the radiative heat transfer coefficient for the U-channels is
outlined in the book by Ellison (ref. 3). It is assumed that all surfaces of the heat sink are gray and
reflective with the base and fins at a uniform temperature. Figure 2 shows a single U-channel with
numbered interior surfaces. Numerals 1, 3, and 4 identify the heat sink surfaces while numerals 2, 5,
and 6 refer to the nonreflecting ambient air. A simplified thermal network for a single U-channel is
shown in figure 3.

Approved for public release; distribution is unlimited.
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Figure 2
U-channel interior surface identification
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Figure 3
Simplified thermal network for U-channel radiation
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The correlations between net shape factor (F) for the gray body U-channels, overall
conductance for the U-channel (Cnet), and resistances in the simplified thermal network are given in
equations 16 through 22.

_ 2CNET
[H(S +2L)] 16)

(R, +R, + R, )R, +R, +R,)-R.’|

C._ =
NET {(Rb +R, )R, +R, +R, )R, +R, +R,)—R.? |- }

Rb[Rb(Rc +Ry + Re)+ ReRd]_ Ry [Rd (Ra +R, +R. )+ RbRe] (17)

R, = 1- l-¢

oAy (18)
R, - 2(1-¢)

e (19)

R, = 1
A1F13 + 2A3 F35 (20)

R, = 2
A1F12 + 2'A‘1|:15 (21)

R, = L
A1F13 (22)

The view (shape or configuration) factors F12, F13, F15, and F3s are computed using the
appropriate parallel and perpendicular formulae for two rectangles. These formulae are given in
figures 4 and 5. Calculated values for the correlations and the resulting F shape factors (Fshape in
the last column) are shown in table 5.

Gosueicy Relation

Aligned Parallel X=XLY=

Rectangles i o

(Figure 13.4) Fym 2 (l X1 + Y
nXY 1+X2+7?

N X
Y VM2 4o =] e
: | 1 : +X(|+Y} tan (I+Yz)|n
NN v
Y Y242 000 =1 = —Xtan™'Y — YV tan-'y
X +Y(1+X )‘ tan a+ xg))/z Xtan™' X Y tan Y}
Figure 4
Formulae for view factors of parallel rectangles
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Perpendicular Rectangles H=2Z/X, W= Y/X
with a Common Edge i 1 1
(Figure 13.6) F,=——|Wtan™' — + Htan"' —
U aw w H
- (HZ + wz)m (an-l = __‘__
(H* + W2
- X 1 [+ wAHa +HH[ w21+ w2+ HY) v
+ -_—
a1+ W HD (1 + WYW + HY
o [t H* + w3 1
(1 + HY)(H?* + W3)
Figure 5
Formulae for view factors of two perpendicular rectangles
Table 5
Values of radiative correlations for U-channels
#ofFins  x y 1 X y 1 X y 1 Fl2 F3  FI5 RS Al A3 Ra R Re Rd Re  Cnet  Fshape
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2 0007 4 025 006003 00G6I05 4163705 1665482 204710 020071 4 160STGB 0009653 0422353 0027721 0073023 083066 387462 006648 0471735 L7ASO6L 13G3RZB 25089 06491 O
B02EB2 4 025 001073 O0GSTT AR 1752056 6108 0289 4 160522 000508 02567 026806 002220 08BAGZ3 3GTAGND O.06GS 006084 LEDAO ISIRIS 265564 059608 04
02748 4 025 005461 0065455 ASOROL 1830664 350506 0273 4 I6O4TIB 000064 04618 00505 0021423 04569 3874062 0056648 0521042 LAGESTT 1665193 2768031 057005 013
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2 016 4 025 O0M60 006050 SOAISER 2016623 00042 OL0B1 4 160363 0062654 043181 00249 00198 OT6BGL 3874092 .06 OSTLIO9 2050734 10T67IS 2096559 053691 0.2
Once the shape factor is obtained, the radiation conductance (C;), overall conductance for
the inter-fin passages (Cj), overall conductance for the heat sink (Cs), overall resistance for the heat
sink (Rs), heat sink dissipation (Qs), and the sink’s base temperature (Ts) can be calculated using
equations 23 through 28. Obtained results are sorted and shown in table 6 as a function of the
numbers of fins.
i, (To+273) (T, +273)°
C, =3.657x10 " FA T T
s 'a (23)
Ci =Cy +C,, (24)
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C,=C,+C,

0

T,=T,+R;Q

Table 6

(23)

(26)

(27)

(28)

Values for conductance and heat sink resistance, dissipation, and base temperature as a function of
the number of fins

# of Fins = Fshapefac

2 0.671
3 0.571
4 0.497
5 0.440
6 0.394
7 0.357
8 0.326
9 0.300
10 0.278
11 0.259
12 0.242
13 0.227
14 0.213
15 0.201
16 0.191
17 0.181
18 0.172
19 0.164
20 0.157
21 0.150
22 0.144
23 0.138
24 0.132
25 0.127
26 0.123

Validation of the code was done by comparing results obtained by using the code to the

Cri Ci Cs
0.08 0.20 0.26
0.09 0.24 0.29
0.10 0.27 0.33
0.10 0.30 0.36
0.10 0.34 0.39
0.10 0.37 0.42
0.11 0.39 0.45
0.11 0.42 0.48
0.11 0.44 0.50
0.11 0.47 0.52
0.11 0.48 0.54
0.11 0.50 0.56
0.11 0.51 0.57
0.11 0.52 0.58
0.11 0.53 0.59
0.11 0.54 0.59
0.11 0.54 0.59
0.11 0.53 0.59
0.11 0.53 0.58
0.11 0.52 0.57
0.11 0.51 0.56
0.11 0.49 0.55
0.11 0.48 0.53
0.11 0.46 0.52
0.11 0.44 0.50

CODE VALIDATION

Rs
3.9020
3.4124
3.0511
2.7716
2.5488
2.3680
2.2195
2.0968
1.9955
1.9122
1.8444
1.7903
1.7483
1.7177
1.6975
1.6872
1.6866
1.6954
1.7135
1.7409
1.7775
1.8232
1.8780
1.9415
2.0134

Qs
7.69
8.79
9.83

10.82
11.77
12.67
13.52
14.31
15.03
15.69
16.27
16.76
17.16
17.47
17.67
17.78
17.79
17.69
17.51
17.23
16.88
16.45
15.97
15.45
14.90

Ts
98.0
88.2
81.0
75.4
71.0
67.4
64.4
61.9
59.9
58.2
56.9
55.8
55.0
54.4
53.9
53.7
53.7
53.9
54.3
54.8
55.5
56.5
57.6
58.8
60.3

results of a published paper (ref. 6). In reference 6, three different fin materials were examined in a
heat sink model without an enclosure, and the optimal number of fins and the amount of heat
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dissipated was determined. The following parameters were used for the heat sink and fins, which
was subsequently used as input for the code:

Geometry:
e Equipment box
e Height Hs=3.94 in.
e Width Ws=5.42 in.
e Fins
e Height Hf=0.98 in.
e Length Lf=3.94 in.

Fin thickness and conductivity vary depending on the heat sink material as shown in table 7
[used in Aihara’s paper (ref. 6)]. Table 8 gives a comparison between the present analysis and the
results obtained from Aihara (ref. 6) for the number of fins and the heat dissipation by the fins.

Table 7
Fin material properties used for code validation
Fin material Thickness of the fin, t; | Fin conductivity
(in.) k(W/in.-K)
Aluminum 0.021 4.84
Steel 0.046 1.625
Porcelain 0.094 0.267

Note: Ambient temperature: Ta= 200°C, fin temperature: T=500°C, and fin
emissivity: €e=0.82.

Table 8
Comparison of results for optimal number of fins (ref. 6)

Material of No. of fins Q dissipation/fin,W
heat sink  Aiharas Present Aiharas Present

Aluminum 19 18 17.9 17.7
Steel 17 16 16.8 16.6
Porcelain 15 14 15.1 14.6

Table 8 shows a good agreement with Aiharas, and the differences are actually due to the
method that the present work used to account for fin efficiency in the calculation procedure.

WORKED EXAMPLES

Use of the “Rectangular Heat Sink Design and Optimization Code” is demonstrated with two
worked examples. The first example deals with optimizing the design of a heat sink for a power
transistor by finding the ideal number of fins and the fin thickness. In the second example, a heat
sink for electric package cooling is designed to meet the heat dissipation requirements.
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Heat Sink for a Power Transistor

In this first example, a commercial aluminum heat sink for a power transistor is analyzed. The
heat sinks are black anodized, and, accordingly, their surface emissivity is assumed to be €e = 0.82
on the basis of experimental measurements.

Several cases of optimization are attempted of various heat sinks with the same external
dimensions and the same temperature conditions as the commercial ones. The external dimension
of the power transistor and the heat sinks, as well as the temperature conditions, are as follows.

Power Transistor Dimensions:

e H=2756In.
e W=3.8484in.

Temperature Conditions:

e Ta=20°C-ambient temperature
e Tw = 50°C - maximum desired wall temperature of power transistor

Fin Dimension:

e H=2756in.
e L=0.98425in.

For the commercial heat sink, the thickness of the fin is given as tf = 0.06889 in. The code will
be used to optimize the heat sink by optimizing the fin’s thickness and number of fins but keeping the
external dimensions the same.

In the first step, the commercial heat sink will be analyzed to obtain the optimal number of the
fins given certain conditions (temperature conditions and external dimensions). The input data deck
populated properly with the commercial sink’s data is given in table 9. The heat generation cell (Q)
can be approximated for the first pass in the code as 10 W. The code immediately calculates the
parameters for the unshielded surfaces from the input data, as shown in table 10. At the same time,
the code calculates the net shape factor, F, for the gray body, U-channel interior (table 11) as a
function of the number of fins.
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Table 9
Input data deck for the commercial heat sink

Table 10
Unshielded surface relations
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Table 11
Calculated radiative correlations for commercial sink
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Finally, the spacing, heat transfer coefficients, sink surface temperature, conductance, and
correlations used in the calculations can be read from the table as a function of the number of fins,

as shown in table 12.

Table 12
Results for spacing, heat transfer, surface temperature, etc., as a function of number of fins
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Also, directly from the charts, a graph can be used to find the optimal number of fins that
corresponds to the minimum temperature of the base of the sink (fig. 6) or the maximum heat
transfer, or conductance, from the heat sink (fig. 7). From the charts or tables, the optimal spacing,
maximal heat transfer, and lowest temperature attainable with the considered heat sink can be
directly read, as shown in table 13.
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Figure 6
Temperature at the base of the sink as a function of the number of fins
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Figure 7
Conductance and heat transfer by the heat sink as a function of the number of fins

Table 13
Spacing, S, Heat transfer, Q, and surface temperature as a function of the number of fins

#of Fins S(inch) QW]  Ts[°C]

8 0.4710 8.72 54.4

9 0.4035 9.11 52.9
10 0.3511 9.36 52.0
11 0.3091 9.47 51.7
12 0.2747 9.42 51.8
13 0.2461 9.20 52.6
14 0.2218 8.82 54.0
15 0.2011 8.30 56.1
16 0.1831 7.68 59.0

It can be seen that the optimal spacing in the considered commercial heat sink is achieved
with 11 fins. In this case, the heat sink is able to dissipate 9.47 W of heat with the sink base
temperature reaching 51.7°C. However, this temperature is a bit higher than the maximum allowed
temperature (50°C). Subsequently, the maximum calculated heat dissipation can be used as input
into the code (Q=9.47 W), and change the assumed Q in the input deck (table 14) with this value to
see that the sink base temperature does not go beyond the maximum allowed wall temperature
(table 15).
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Table 14
Changing the heat generation cell with the calculated value of heat able to be dissipated

INPUT DATA / Changed values for heat generation
Q= 9.47 W Heat Generation by Electronics to be managed
Ta= 20 C Ambient temperature
Tw= 50 C Maximal Desired Wall temperature of electronics to be managed
AIR PROPERTIES from Tables
Beta= 0.003 1/K evaluated at the Ta
nu= 2.03E-05 m?/s evaluated at the Tw
Pr= 0.69 evaluated at the Tw
mu= 2.05E-05 kg/ms evaluated at the Tw
cp= 1007 J/kgk evaluated at the Tw
ro 1.012 kg/m® evaluated at the Tw
k= 0.03 w/mK evaluated at the Tw
Box, Chip or Heat Sink Base Dimension
H= 2.756 inch Height
W= 3.8484 inch Width
Fin dimension
H= 2.756 inch height of a fin
L= 0.98425 inch length of a fin
tf= 0.06889 inch thickness of a fin
epsilon= 0.82 surface emission coefficient of a fin
kmat= 4.84 wlinK fin material conductivity
Table 15
Recalculated surface temperature does not go over allowed maximum temperature
No. of S Q Ts
fins (in.) (W) (°C)
8 0.4710 8.72 52.6 |« Recalculated temperature
9 0.4035 9.11 51.2

10 0.3511 9.36 50.3
11 0.3091 9.47 50.0
12 0.2747 9.42 50.2
13 0.2461 9.20 50.9
14 0.2218 8.82 52.2
15 0.2011 8.30 54.2
16 0.1831 7.68 57.0

In the next step, another case of optimization is attempted with a heat sink with the same
external dimensions and temperature condition as the commercial sink. The main parameter under
consideration this time is the thickness of the fins. In this variation, the sink will be expected to
remove 10 W of heat. The first attempt was made with a fin thickness of 0.045 in., and the following
input deck is produced, as shown in table 16.
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Table 16
Input deck for optimization of heat sink with fin thickness of 0.045 in.

INPUT DATA

Q= 10 W Heat Generation by Electronics to be managed
Ta= 20 C Ambient temperature

Tw= 50 C Maximal Desired Wall temperature of electronics to be managed
AIR PROPERTIES from Tables

Beta= 0.003 1/K evaluated at the Ta

nu= 2.03E-05 m%/s evaluated at the Tw

Pr= 0.69 evaluated at the Tw

mu= 2.05E-05 kg/ms evaluated at the Tw

cp= 1007 J/kgk evaluated at the Tw

ro 1.012 kg/m®  evaluated at the Tw

k= 0.03 w/mK evaluated at the Tw

Box, Chip or Heat Sink Base Dimension

H= 2.756 inch Height

W= 3.8484 inch Width

Fin dimension

H= 2.756 inch height of a fin

L= 0.98425 inch length of a fin

tf= 0.045 inch thickness of a fin

epsilon= 0.82 surface emission coefficient of a fin
kmat= 4.84 wlinK fin material conductivity

Results from the Excel sheet immediately show that this fin thickness does not allow the
required amount of heat from the power transistor to be removed. As shown in table 17, Q always
remains below 10 W, regardless of the number of fins.

Table 17
Fin spacing, heat removed, and temperature of the sink base for a fin thickness of 0.045 in.

#of Fins S(inch)  Q [W] Ts[°C)

2 3.7584 4.68 84.1
3 1.8567 5.52 74.4
4 1.2228 6.29 67.7
5 0.9059 7.02 62.7
6 0.7157 7.69 59.0
7 0.5889 8.30 56.2
8 0.4983 8.83 54.0
9 0.4304 9.28 52.3
10 0.3776 9.63 51.2
11 0.3353 9.86 50.4
12 0.3008 9.97 50.1
13 0.2720 9.96 50.1
14 0.2476 9.80 50.6
15 0.2267 9.53 51.5
16 0.2086 9.14 52.8
17 0.1927 8.66 54.6
18 0.1787 8.13 56.9
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To satisfy the criterion of the amount of heat to be removed by the heat sink (Q=10 W), the
thickness of the fin should be decreased. The next attempt was made with a fin thickness of
0.022441 in., which is the smallest fin thickness for this kind of heat sink that can be manufactured

without a danger of the fins bending. The new input deck is shown in table 18 with the results shown
in table 19.

Table 18
New input deck for fin thickness of 0.022441 in.
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Table 19
New results for fin thickness of 0.022441 in.

#of Fins S(inch)  Q [W] Ts[°C)

2 3.8035 4.66 84.4
3 1.8905 5.49 74.6
4 1.2529 6.27 67.9
5 0.9340 7.00 62.9
6 0.7428 7.68 59.1
7 0.6152 8.31 56.1
8 0.5241 8.87 53.8
9 0.4558 9.37 52.0
10 0.4027 9.78 50.7
11 0.3602 10.11 49.7
12 0.3254 10.35 49.0
13 0.2964 10.48 48.6
14 0.2719 10.51 48.5
15 0.2508 10.43 48.8
16 0.2326 10.26 49.2
17 0.2167 10.00 50.0
18 0.2026 9.66 51.0

This new considered thickness allows the removal of 10.51 W of heat with the heat sink
temperature of 48.5°C and optimal fin spacing of 0.2719 in. for 14 fins in a heat sink. The
temperature variation with the number of the fins and the fin spacing are shown in figures 8 and 9.
Conductance and the heat transfer by the heat sink as a function of the number of fins and fin
spacing is shown in figures 10 and 11.
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Figure 8
Temperature at the base of the heat sink for fin thickness of 0.0022441 in.
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Temperature at the base of the heat sink as a function of spacing
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Figure 10
Conductance and heat transfer by the heat sink as a function of number of fins
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Figure 11
Conductance and heat transfer by the heat sink as a function of spacing between fins

The optimum-designed aluminum heat sink shows a relatively small increase in the
performance, but the fin thickness is almost one third of the commercial ones. It could be said that
the commercial heat sink has almost the maximum performance, but its fin weight can be reduced by
one half, which could mean a reduction in the material cost.

Electric Package Cooling

A heat sink for an electric package cooling is to be designed to maintain the base
temperature below 100°C. The base cold plate has a width of W=50 mm and length of H=30 mm.
The ambient temperature is Ta=20°C. The heat sink material is aluminum with a material
conductivity of k=4.84 W/inK.

Next, determine the optimum dimensions for the heat sink providing the number of the fins,
fin thickness, fin spacing, fin length, heat dissipation, overall efficiency, and thermal resistance. The
power generated by the electric box is 20 W, and the fin’s surface emissivity is €.=0.82.

The solution is based off of the assumption that the dimensions of the base cold plate are
identical to the electrical box, and the dimensions need to be inputted in inches. The height of the fin,
H, has the same measurement as the length of the box. Also, the ambient temperature, Ta=20°C,
and the maximum allowed wall temperature of the electrical box of Tw=100°C (this is previously
shown as the base temperature) needs to be inputted. The input deck for this problem is shown in
table 20, and the calculated relations for unshielded surfaces are calculated from the previously
shown values in table 20 and shown in table 21.
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The fin dimensions are assumed to be:

e Finlength: L=25.4 mm=1 in.
e Fin thickness: tf=1 mm= 0.0394 in. (assumed thickness)

Table 20
Input deck for electric package cooling

Table 21
Calculated relations for un-shielded surfaces for Electric package cooling

Now, the results can be immediately read in the Excel sheet from all the required parameters
stated in the problem statement. Table 22 shows the calculated results for the first pass of the heat
sink design and optimization. As can be seen in table 22, the fins, with the length and thickness
assumed previously, are not capable of maintaining the temperature of the considered electrical box

under 100°C. The lowest temperature that can be achieved with the proposed sink is 138.4°C, as
shown in the eighth column of table 22.
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Table 22
Results obtained from the problem statement

#of Fins = S(inch) = r(inch) Nsink Cs Rs Q Ts
2 1.8898 0.9717 0.953 0.07 13.4821 5.93 289.6
3 0.9252 0.6326 0.929 0.09 10.7090 7.47 234.2
4 0.6037 0.4637 0.906 0.11 9.0225 8.87 200.5
5 0.4429 0.3626 0.884 0.13 7.8907 10.14 177.8
6 0.3465 0.2953 0.864 0.14 7.0962 11.27 161.9
7 0.2822 0.2473 0.846 0.15 6.5374 12.24 150.7
8 0.2362 0.2113 0.833 0.16 6.1654 12.98 143.3
9 0.2018 0.1833 0.824 0.17 5.9598 13.42 139.2
10 0.1750 0.1609 0.822 0.17 5.9185 13.52 138.4
11 0.1535 0.1426 0.827 0.17 6.0527 13.22 141.1
12 0.1360 0.1273 0.840 0.16 6.3827 12.53 147.7
13 0.1214 0.1144 0.858 0.14 6.9306 11.54 158.6
14 0.1090 0.1034 0.879 0.13 7.7071 10.38 174.1
15 0.0984 0.0938 0.901 0.12 8.6939 9.20 193.9
16 0.0892 0.0854 0.920 0.10 9.8360 8.13 216.7
17 0.0812 0.0780 0.936 0.09 11.0575 7.23 241.1
18 0.0741 0.0715 0.949 0.08 12.2933 6.51 265.9
19 0.0678 0.0656 0.959 0.07 13.5042 5.92 290.1
20 0.0622 0.0603 0.967 0.07 14.6701 5.45 313.4
21 0.0571 0.0555 0.974 0.06 15.7808 5.07 335.6
22 0.0525 0.0512 0.979 0.06 16.8308 4.75 356.6
23 0.0483 0.0472 0.983 0.06 17.8189 4.49 376.4
24 0.0445 0.0435 0.986 0.05 18.7465 4.27 394.9
25 0.0410 0.0402 0.989 0.05 19.6172 4.08 412.3

This temperature corresponds to a heat sink with 10 fins, with a spacing of 0.175 in., and an
efficiency of 82.2. The heat sink designed and optimized with the assumed dimensions is capable of
dissipating only 13.52 W, which is 30% less than required amount of 20 W. To improve the heat sink
under consideration so it will be able to dissipate 20 W of heat and keep the box temperature under
100°C, it is necessary to change either the box’s dimensions or the fin’s dimensions. In general, it is
usually always easier to change the fin’s dimensions, particularly the length of the fin. In the case
under consideration, the length of the fins was increased, iteratively, until the temperature of the wall
was under required value. A new input deck with the L=1.62 in. is shown in table 23, while the
resulting output is presented in table 24.
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Table 23
New input deck with a new length of fin
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Table 24
Required output with optimal spacing, efficiency, Q, Tw
#of Fins = S(inch) = r(inch) r]sink Cs Rs Q Ts
2 1.8898 1.1936 0.844 0.10 9.6408 8.30 212.8
3 0.9252 0.7197 0.747 0.13 7.4382 10.76 168.8
4 0.6037 0.5089 0.652 0.16 6.1707 12.96 143.4
5 0.4429 0.3896 0.562 0.19 5.3429 14.97 126.9
6 0.3465 0.3130 0.479 0.21 4.7725 16.76 115.4
7 0.2822 0.2595 0.407 0.23 4.3793 18.27 107.6
8 0.2362 0.2202 0.353 0.24 4.1254 19.39 102.5
9 0.2018 0.1899 0.321 0.25 3.9945 20.03 99.9
10 0.1750 0.1660 0.317 0.25 3.9839 20.08 99.7
11 0.1535 0.1466 0.343 0.24 4.0996 19.51 102.0
12 0.1360 0.1305 0.396 0.23 4.3527 18.38 107.1
13 0.1214 0.1170 0.470 0.21 4.7525 16.83 115.0
14 0.1090 0.1055 0.552 0.19 5.2967 15.10 125.9
15 0.0984 0.0955 0.632 0.17 5.9621 13.42 139.2
16 0.0892 0.0868 0.702 0.15 6.7057 11.93 154.1
17 0.0812 0.0792 0.760 0.13 7.4807 10.69 169.6
18 0.0741 0.0725 0.807 0.12 8.2536 9.69 185.1
19 0.0678 0.0664 0.844 0.11 9.0061 8.88 200.1
20 0.0622 0.0610 0.873 0.10 9.7292 8.22 214.6
21 0.0571 0.0561 0.897 0.10 10.4181 7.68 228.4
22 0.0525 0.0517 0.916 0.09 11.0703 7.23 241.4
23 0.0483 0.0476 0.932 0.09 11.6851 6.85 253.7
24 0.0445 0.0439 0.944 0.08 12.2633 6.52 265.3
25 0.0410 0.0405 0.955 0.08 12.8067 6.25 276.1

Increasing the length of the fin to L=1.61 in. and recalculating the results allowed the
possibility to redesign and optimize the heat sink to meet the required specifications. As it can be
seen in table 24, the optimal spacing is 0.175 in. for a heat sink with 10 fins. The wall temperature is
99.7°C, which is lower than the maximum temperature allowed of 100°C. This heat sink is capable of
dissipating 20.08 W of heat to ambient, which satisfies the problem statement of 20 W.

In the end, it should be mentioned that the redesign of the heat sink could have been
approached in a different way and still lead to the required results. For example, the fin’s height,
width, or thickness could have been manipulated separately or together and still achieve the stated
requirements.

CONCLUSIONS

The “Rectangular Heat Sink Design and Optimization Code” is a robust code for design and
optimization of rectangular fin heat sinks. It is capable of finding the optimal spacing between fins,
maximum heat dissipation, and minimal wall temperature on an electronics device for an assumed
fin geometry. Also, by allowing easy manipulation of the fin’s parameters, this code allows a user to
find heat sink fin designs that satisfy the required heat dissipation or maximum allowed temperature
at the wall of an electronics package. The code should be used together with the DTIC report, “Heat
Sink Design and Optimization,” where the user can also find additional code capabilities useful in the
design and optimization of rectangular fin heat sinks.
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NOMENCLATURE
A Inter-fin surface area (in.?)
Ao Unshielded surface area (in.?)
a Ratio of spacing to fin length
B Thermal expansion coefficient (1/K)
Cqi Conductance, inter-fin passages
Ceieta Conductance, effective, inter-fin passage
Cner Conductance, overall for U-channel
Cso Conductance, unshielded surface area
Cp Specific heat (J/kJ-K)
€ Surface emission coefficient of fin
Nfin Fin efficiency
Nsink Sink efficiency
F Shape factor for gray body U-channels
G Grashof number
H Height of fin (in.)
Hbox Height of box, chip, or heat sink base (in.)
hei Heat transfer coefficient, convective, inter-fin passages (W/in.?-K)
heo Heat transfer coefficient, convective, unshielded surface (W/in.2-K)
ho Heat transfer coefficient, total (convective and radiative) heat transfer coefficient
for the outer fins (W/in.2-K)
hr Heat transfer coefficient, radiative, unshielded surface (W/in.?-K)
Kair Thermal conductivity of air (W/m-K)
Kmat Thermal conductivity of fin material (W/m-K)
L Length of fin (in.)
Mu (p) Kinematic viscosity (kg/ms)
N Number of fins
Nu Nusselt number
Pr Prandtl number
Psi (g) Linear thermal transmittance
Q Heat dissipation (W)
r Thermal resistance
Ra Rayleigh number
Rho (p) Density (kg/m?3)
S Space between fins (in.)
AT Temperature difference (°C)
Ta Ambient temperature (°C)
tf Thickness of fin (in.)
Tw Maximum desired wall temperature for electronics enclosure (°C)
Vv =-11.8(in.”") constant value parameter existing in Elenbass’s equation
w Width of box, chip, or heat sink base (in.)
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