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Heatsinks are essential parts of any thermal management system. High performance heatsinks are
required for the cooling systems to be able to manage the ever-increasing power density in electronics
and power electronics. The focus of this paper is on the design of high performance naturally-cooled heat-
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governing equations of the air flow and heat transfer. Closed-form correlations are presented for tem-
perature and velocity distribution, and an easy-to-use method is introduced to design such heatsinks.
Numerical simulations are used to provide better understanding of the physics of flow and heat transfer
mechanism. An extensive experimental study is also conducted to verify the results from analytical solu-
tion and numerical simulation. Results show that the new-designed heatsinks are capable of dissipating
heat up to 5 times more than currently available naturally-cooled heatsinks, with up to 30% less weight.
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The new heatsinks can increase the capacity of passive thermal management systems significantly.
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1. Introduction

Thermal management of electronics/power electronics has wide
applications in different industries such as; telecommunication
(datacenters and outdoor enclosures), automotive (conventional,
hybrid, electric, and fuel cell vehicles), renewable energy systems
(solar panels and wind turbine), etc. About 55% of failures in elec-
tronics during operation has thermal root [1]. The rate of failure
due to overheating, nearly doubles with every 10 °C increase above
the operating temperature [2]. Considering the ever-increasing
desire to miniaturization in the industry, which leads to higher
power densities, thermal management has become the limiting
factor in the development of such devices, and reliable low-cost
methods of cooling are more and more required. The importance
of efficient thermal management systems is also reflected in the
market. Thermal management technology market was valued at
$10.1 billion in 2013 and reached $10.6 billion in 2014. Total mar-
ket value is expected to reach $14.7 billion by 2019 [3]. Thermal
management hardware, e.g. fans and heatsinks, accounts for about
84% of the total market. Other cooling product segments, e.g. soft-
ware, thermal interface materials (TIM), and substrates, each
account for 4-6% of the market [3].
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Passive cooling is a widely preferred cooling method for elec-
tronic and power electronic devices. High reliability, no noise and
no parasitic power make natural convection and other passive
cooling methods attractive for sustainable and “green” systems.
As an example, in telecom industry, integrating passive cooling
techniques with conventional cooling strategies can reduce the
energy required for thermal management from 28% of total energy
consumption [4], to 15% in general [5] and 0% in some cases [6].

Considering an available temperature difference between the
heat source and cooling medium, this thermal budget is always
spent in the thermal resistances along the heat path. These thermal
resistances, in most cases include: (i) thermal contact resistance at
the solid-solid interface, (ii) spreading resistance, due to changes
in geometry, (iii) bulk resistance, due to the materials’ thermo-
physical properties, and (iv) film resistance existing at the solid-
fluid interface due to thermal boundary layer. Except for the film
resistance, the rest of above-mentioned thermal resistances are
acting similarly between active and passive cooling systems. The
effect of film resistance appears in the heatsink, and consequently
design of high performance naturally-cooled heatsinks becomes
very important in a fully passive thermal management system.

This paper provides an easy-to-use design method for a specific
type of naturally-cooled heatsinks, namely interrupted fins.
Naturally-cooled heatsinks with interrupted fins are shown to have
very high performance compared to continuous fins, staggered
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Nomenclature

General symbols

surface area, m?

specific heat, J/kg K
gravitational acceleration, m/s?
gap length, m

Grashof number, ggATs>/v?
heat transfer coefficient, W/m? K
fin height, m

thermal conductivity, W/m K
fin length, m

baseplate length, m

number of fin rows

number of fin columns

Nusselt number, hs/k

heater power, W

Prandtl number, v/x

heat flux, W/m?

total heat transfer, W

Rayleigh number, g8ATs?vo
fin spacing, m

thickness, m

temperature, K

velocity in x-direction, m/s
velocity in y-direction, m/s
baseplate width, m

direction parallel to fins, m
direction normal to fins, m
direction normal to x and y in Cartesian coordinate
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Greek symbols

o thermal diffusivity, m?/s

B coefficient of volume expansion, K~!

A difference

€ channel slenderness, 1/s

¢ coefficient appears in gap velocity

® coefficient appears in gap velocity

l coefficient appears in gap temperature
u dynamic viscosity, kg/m s

\J kinematic viscosity, m?/s

9 constant appears in gap temperature
P density, kg/m>

o parameter appears in gap temperature, 1/m
G parameter appears in gap velocity, 1/m
R uncertainty

¢ gap width, m

Subscripts

00 ambient properties

C channel

CV. control volume

G gap

in inlet of channel/gap

N.C. natural convection

out outlet of channel/gap

Rad. radiation

total total heat transfer

w wall properties

interrupted fins, and even pin fins [ 7], and they currently exist in the
market (Fig. 1a), mostly used for military applications that require
high reliability, and high mechanical strength. Interruptions are dis-
continuities added fins to postpone the thermal boundary layer
emergence in the channel flow between two adjacent walls
(Fig. 1b); thus increase the total heat transfer rate |[8].
Additionally, interruptions lead to considerable weight reduction,
which in turn, can lower the manufacturing and material costs. It
should be noted that interrupted fin arrangement is a more general
form of geometry and includes both continuous and pin fins at the
limit. Where the interruption length approaches zero or the fin
length approached to the values close to fin thickness, continuous
fin and pin fin geometries are respectively. In other words, continu-
ous and pin fins are two extreme cases of the targeted interrupted
fins. Fin interruption is common in industry and have been exten-
sively studied for internal natural convection [9,10] and forced con-
vection [11]. However, to the authors’ best knowledge no
comprehensive study is available for natural convection from inter-
rupted fins. The present study aims to address this shortcoming.

1.1. Literature review

A general overview on pertinent literature in the area of natural
convection heat transfer from fins is provided in this section. The
focus of this study is on natural convection heat transfer from ver-
tical rectangular interrupted fins.

1.1.1. Single wall
A variety of theoretical expressions, graphical correlations and
empirical equations have been developed to calculate the

coefficient of natural convection heat transfer from vertical plates.
Ostrach [12] made an important contribution on analyzing the
natural convection heat transfer from a vertical wall. He analyti-
cally solved laminar boundary layer equations using similarity
methods for uniform fin temperature condition and developed a
relationship for the Nusselt number for different values of
Prandtl number. As well, Sparrow and Gregg [13] used similarity
solutions for boundary layer equations for the cases of uniform
surface heat flux. Merkin [14], also used similarity solution to solve
natural convection heat transfer from a vertical plate with non-
uniform wall temperature and wall heat flux. Churchill and Chu
[15] developed an expression for Nusselt number for all ranges of
the Rayleigh, and Pr numbers. Yovanovich and Jafarpur [16] stud-
ied the effect of orientation on natural convection heat transfer
from finite plates. Cai and Zhang [17] found an explicit analytical
solution for laminar natural convection in both heating and cooling
boundary conditions.

1.1.2. Parallel plates

Finned surfaces are widely used for enhancement of heat trans-
fer [18,19]. Natural convection heat transfer from vertical
rectangular fins is a well-established subject in the literature.
Pioneering analytical work in this area was carried out by
Elenbaas [20]. He investigated isothermal finned heatsink semi-
analytically and experimentally. His study resulted in general rela-
tion for average Nusselt number for vertical rectangular fins;
which was not accurate for small values of fin spacing. Churchill
[21] and Churchill and Chu [15] developed a general correlation
for the average Nusselt number for vertical channels using the
theoretical and experimental results reported by a number of
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Fig. 1. (a) A sample of commercially available enclosure with interrupted fins, (b) effect of adding interruptions on thermal boundary layer and heat transfer.

authors. Bar-Cohen and Rohsenow [22] also performed a semi-ana-
lytical study to investigate the natural convection heat transfer
from two vertical parallel plates. They developed a relationship
for the average Nusselt number as a function of the Rayleigh num-
ber for isothermal and isoflux plates. Bodoia and Osterle [23] fol-
lowed Elenbaas [20] and wused a numerical approach to
investigate the developing flow in a vertical and the natural con-
vection heat transfer between symmetrically heated, isothermal
plates in an effort to predict the channel length required to achieve
fully developed flow as a function of the channel width and wall
temperature. Ofi and Hetherington [24] used a finite element
method to study natural convection heat transfer from open verti-
cal channels. Culham et al. [25] also developed a numerical code to
simulate free convective heat transfer from a vertical fin array.
Several experimental studies were carried out on this topic.
Sparrow and Acharya [26], Starner and McManus [27], Welling
and Wooldridge [28], Edward [29], Chaddock [30], Aihara [31-
34], Leung et al. [35-41], and Van de Pol and Tierney [42] are some
examples. These studies were mostly focused on the effects of
varying fin geometric parameters, the array, and baseplate
orientation.

1.1.3. Interrupted fins

Effect of interruptions on forced convection is a mature subject
in the literature. DeJong and Jacobi [43] did an extensive experi-
mental study on different geometries of fin arrangement, including
offset strip (staggered) fins and louvered fins. Brutz et al. [44]
investigated the effect of unsteady forcing on forced convection
heat transfer from interrupted fins. Jensen et al. [45] also per-
formed a multi-objective thermal design optimization on different
forced-air-cooled heatsinks, including continuous fin, pin fin, and
interrupted fin with in-line and staggered arrangement. In case
of natural convection heat transfer, Bejan et al. [46] used construc-
tal method to optimize the distribution of discrete heat sources
cooled by laminar natural convection. Sobel et al. [47] experimen-
tally compared a staggered array of interrupted fins to continuous
fins. They concluded that there is a significant increase in Nusselt
number even beyond the meeting point of the boundary layers in
the channel. However their results show that as the fin length
increases, the relative advantage of the staggered arrangement
decreases and the performance falls eventually below that of con-
tinuous fins. Sparrow and Prakash [48], numerically solved natural
convection heat transfer from a staggered array of interrupted fins

and compared the total heat transfer to continuous fins with the
same surface area. They showed 100% enhancement for cases simi-
lar to pin fins, for a specific range of hydraulic diameter and
Rayleigh number. Daloglu and Ayhan [9] investigated the effects
of periodically installed fin arrays inside an open ended enclosure
experimentally. They tested various arrangements and relatively
large range of Rayleigh number, and showed the diverse effect of
interrupted fins on internal natural convection heat transfer com-
pared to continuous fins. Gorobets [49] performed and analytical
study on natural convection heat transfer from staggered arrange-
ment of fins and showed 50-70% enhancement compared to con-
tinuous fins. The few available studies on interrupted fins are
mainly focused on staggered fin arrangement. Recently in an
experimental and numerical study, we showed higher performance
of interrupted fins compared to continuous fins [7,50]. However no
detailed information, including velocity and temperature behavior,
heat transfer calculation, fin design criteria, etc. is available for
such fin type. To the best knowledge of author, no systematic study
on interrupted vertical naturally-cooled fin arrays is currently
available in the literature for the case of laminar natural convec-
tion heat transfer. As such, the goal of this study is to address this
shortcoming in the literature and to investigate natural convection
heat transfer from vertical rectangular interrupted fins, and
develop a design tool to enable finding the optimum fin arrange-
ment in such heatsinks.

2. Problem statement

The objective of this study is to develop an analytical model that
can predict the natural convection heat transfer from a square
array of vertical rectangular isothermal fins. Fig. 2 schematically
shows the fins arrangement, parameters used to define the geome-
try, and control volumes used to model the heat transfer. To solve
the problem, the domain is divided into multiple sub-domains,
containing the channels made by two adjacent columns of fins,
and the gaps region between two fin rows. The effects of neighbor-
ing channels on each other are neglected, so the problem is only
solved between two fin columns and then the solution is extended
to the whole domain. The problem is divided into two parts; (i)
channel flow which contains the region between two neighboring
fins, and (ii) gap flow which is related to the void region between
two rows of fins. Each part is solved separately, and the solution of
each part is superposed to solve the whole domain.
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Fig. 2. A schematic of heatsink with interrupted fins, geometrical parameters used to address fin parameters, and the regions related to channel flow and gap flow.

3. Solution methodology

As shown in [7,8], adding interruption to a fin array will force
the boundary layer to reset and increase the heat flux from the
fins; however, cutting fins to add interruptions will result in losing
surface area, which leads to a decrease in total heat transfer from
the heatsink. In order to consider these two competing trends in
our heatsink design, it is intended to find the optimum geometrical
parameters, i.e. fin spacing, s, fin length, [, and gap length, G, to
maximize the total heat transfer from an available area of base-
plate by length of, L, and width of W. As explained briefly in
Section 2, the problem is broken into a number of channels and
gaps, stacked on top of each other. To solve for the whole domain,
using the known boundary conditions at x-direction, the velocity
and temperature profiles are obtained separately for the channels
and the gaps, with outlet condition from the first channel consid-
ered as inlet condition to the first gap, and outlet condition from
the first gap used as inlet condition to the second channel, and
so on. After obtaining all the velocity and temperature profiles
for the whole domain, the heat transfer from each channel is calcu-
lated and summed up to find the overall heat transfer from the
heatsink.

3.1. Channel flow

The control volume considered for the channel flow is shown in
Fig. 3. In [51], we used integral technique to find the velocity and
temperature distribution in the channel made by two parallel
isothermal walls. These equations can be rewritten in terms of
channel average inlet velocity, as;

1 - 5v(/¢gx2AT+24vumr)x 2 q
Uc(x,y)=— 4y (gﬁATsz — (Bgs® AT — 8vuyc)e e (rg2ar-5vu f)) ((X) - 71)

Uiy (y)s T;'n /l

Fig. 3. Schematic of the control volume selected for the channel flow.

_ 15 2

Te(x,y) = 4ATe Zinc ((%) - }1> +Tw 2)

The index C is used for the equations related to channel flow to
separate them from gap flow parameters, which are indexed by let-
ter G, wherever necessary. The average inlet velocity to each chan-
nel, uci, is used in Egs. (1) and (2), for sake of simplicity of
calculations. This term is required for calculation of the velocity
and temperature profiles in each channel. For the first channel
located at the bottom row of the fin array, this term can be calcu-
lated using Eq. (3), [51] to give;
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The term AT in Eq. (3) is the difference between wall tempera-
ture and average air temperature entering the channel. For the
higher rows of channels, the inlet velocity can be calculated using
the equations developed for gap region in Section 3. Equations (1)
and (2) will be used to find the velocity and temperature profiles in
the channels. To calculate the heat transfer from the fins for each
channel, using correlations we developed in [51], heat transfer
coefficient can be found as;

4 sujck —d
hfﬁ In (1—6 f) (4)

Uipc =

For more details on the channel flow, and the methodology to
find the above equations, we encourage the readers to see [51].

3.2. Gap flow

Fig. 4 shows the control volume selected for the gap flow. At
steady-state condition, when air leaves a channel with a specific
velocity/temperature profile, and since it is not introduced to any
external mass, momentum, or heat source, its mass flow, total
momentum, and total energy will remain constant. Consequently
the flow will go through a one-directional diffusion of mass,
momentum, and energy in the direction normal to the velocity of
the flow. In other words, as air moves along the x-axis in the gap
region, the velocity profile which used to be maximum at the cen-
ter and minimum on the sides when entering the gap, will start to
get flattened, keeping the total momentum of the flow constant.
The same phenomenon will happen to the temperature profile,
meaning that the temperature profile which had its minimum
value at the center and maximum value on the sides when entering
the gap, will get more and more flat, maintaining the total energy
of the flow.

3.2.1. Governing equations and boundary conditions
Based on the general behavior of the flow, explained above, the
assumptions used in this study are listed below;

outlet

=

<2

centerline

inlet

Fig. 4. Schematic of the control volume selected for the gap flow.

e Laminar, steady-state flow.

e 1-Directional flow parallel to the fin walls (velocity component
normal to the fin wall is zero).

e 2-Dimensional heat and momentum diffusion in x-direction
and y-direction.

e Constant thermo-physical properties.

e No body-force in the gap region.

It is also assumed that the fin height, the depth of domain nor-
mal to the paper in Fig. 2, is large enough that the effects of base-
plate can be neglected. Applying the assumptions, the momentum
and energy conservation equations will be reduced to;

u =vV2ug (5)

oug
C ox
JdT¢

T,
UG = aV2Tg (6)

The conservation equations are subjected to the following
boundary conditions;

Aug(x,0) _ dT¢(x,0)

at y=0; 3y y 0 (7)
e oulkd) oTe(ed)

at y=s; y oy =0 (8)

at x=0;  ug(0,y) = tinc(y), Tc(0,¥) = Tinc(y) 9

2 3
at X — oo; UG x—00 :Z /0 Uing(¥)dy,

2

Texooe =5——
e éuG.X—soo

2

| e Tncty)ay (10)

Equations (7) and (8) result from geometric symmetry at the
gap centerline and at the boundary between two adjacent gaps.
The terms u;, and Tj, in Eqs. (9) and (10) are the average gap inlet
velocity and temperature respectively. These gap inlet profiles are
required to be calculated to be used as inlet boundary condition for
each gap. Equation (10) implies that, given enough space to the
flow, both the velocity and temperature profiles will reach a uni-
form state, equal to the bulk momentum and energy entering the
gap. Due to the symmetrical boundary condition at x-direction,
the uniform velocity and temperature will remain unchanged after
reaching this state.

Following Ref. [52] and integrating the conservation equations
across the gap in y-direction, from y = 0 to y = ¢/2 the integral form
of governing equations will be obtained as;

o (1, <8uc> <8uc)
— [ uedy =v|{—= — = =0 11
5% | ey [ ), (), ()

o [3 8TG> (an)
— [ ucTedy =o||— - = =0 12
o [ ucteay {(ay (&), (12)

The interpretation of Egs. (11) and (12) is that the integral form
of momentum and energy does not change along the x-direction, so
the governing equations can be re-written as;

/‘i ui(x,y)dy = /2 us o(y)dy (13)
0 0

/j uc(x,y)T(x,y)dy = /7 Uinc (V) Tinc(y)dy (14)
0 0
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Inlet velocity and temperature profiles, uj,¢ and Ti,c are still
required to solve Egs. (13) and (14). They will be found in the fol-
lowing section. To apply the integral technique, knowing the gen-
eral behavior of the velocity and temperature profiles, we assume a
known profile for each. Satisfying conservation laws in a lumped
fashion across the region of interest, we can obtain velocity and
temperature profiles within acceptable accuracy after applying
the boundary conditions.

3.2.2. Integral technique

Considering the symmetrical boundary conditions in y-direc-
tion, third order polynomials are assumed for both temperature
and velocity profiles;

Ug(x,y) = a1(x)y> + b1 (X)y* + c1 (x)y + di (x) (15)

Te(x,y) = G2(X)y* + b2 (X)y* + C2(X)y + da(X) (16)

Applying the boundary conditions in the y-direction (Egs. (7)
and (8)), into Egs. (15) and (16), we will have;

o) =F100(¥ - 59 + 8100 (17)
Tolx) =Fo0 (¥ - 50 ) + £ (18)

The terms f;(x), f2(x), g1(x) and g»(x) are all unknown functions
that need to be determined, but before applying the governing
equations, the terms related to inlet velocity and temperature must
be determined. Since Eqs. (17) and (18) are chosen to describe the
flow behavior inside the gap region, they should be valid every-
where in the domain, including the entrance. The only difference
at the entrance is that the terms fi(x), f>(x), g1(x) and gy(x) will
not be functions of x anymore, and they will be constants. These
constants can be found by setting the flow conditions at the chan-
nel outlet and gap inlet to be equal.

Uin(0) = uc(0,0) = uc(L,0), Tinc(0) =Ts(0,0) = Tc(1,0) (19)
Uin G (g) =Ug <0, g) =Uc (l, %) =0, Tugc (%) =Tc (Oé)
=Tc(l %) — Ty (20)

Applying Eqgs. (19) and (20) to Egs. (19), (20), (17) and (18), the
gap inlet velocity and temperature profiles will be obtained as;

1 (30, 2\ g
Uinc(y)=— = ¥y 7—y +16 (Bgs*AT — 8vuyy)e *'inlE in) — pgs’ AT
(21)
16AT 3¢, &\ -
Ting(y) =Tw — 3 ()’3 2 =y + 16>e tin (22)

Having the gap inlet velocity and temperature profiles, Egs. (21)
and (22) can be substituted into Eqs. (13) and (14), and then Egs.
(17) and (18) can be substituted into the new governing equations
to give;

5v1 (/AgszAszlh‘um )

3¢ 2w (AT s )
uc(x,y) =f,(x) (y —Zgy +32> P {(ﬂgs AT —8vuy,)e e

Bgs’ AT

(23)
3, .8 17§3f () 4T, 24T 2
~ 2V "33 1120 w-3g €T

(24)

TG(xv.y) :fZ(x)( >

The conventional way to use the integral method is to apply the
two remaining boundary conditions, Egs. (9) and (10), to Egs. (23)
and (24) to find f;(x) and f>(x), but doing so will not help to find the
desired parameters. To address this issue, a simplified integral
technique is used, and based on the physics of the flow, we assume
an exponential behavior for f;(x) and f>(x). Physics of the flow and
heat transfer suggest that both velocity and temperature at the
centerline, will change more rapidly at the beginning of the gap,
and approach an asymptotic value as the fluid moves along the
X-axis, so;

fi%) = ¢ — pe™ (25)

fr(x) =9 —1e7% (26)

where ¢,¢,¢,9,1, and o are constants to be determined.
Substituting Eqs. (25) and (26) into Egs. (23) and (24), and satisfying
boundary conditions defined by Eqs. (9) and (10), the temperature
and velocity profiles in the gap region will be determined as;

1 §
ux,y) = _32Vé3 (32}/387’)‘ — 246}12@*% + 536—5)( + 63)
S\I(ﬂgszAT 24w )

[(ﬁgsz AT — 8vuy,)e ﬂgszAT] (27)

125117“ 26AT 1500
Sy

e

3¢, & 178 _\16AT -

— — 3 _T2y2 -

T(xy) =T, ( 37 337 1120° > = 3
(28)

As can be seen in Egs. (27) and (28), ¢ and ¢ are still unknown,
and need to be determined. In order to find the two constants,
numerical simulation is used. More details on the numerical sim-
ulations is explained in the following section.

4. Numerical simulation

In order to find the unknown constants, ¢ and ¢ from the inte-
gral solution, a two dimensional numerical model of the gap flow is
developed, using the commercially available software package,
COMSOL Multiphysics 4.3. Known velocity and temperature pro-
files are applied to the bottom of domain as inlet condition, and
symmetry boundary condition is considered for the sides of the
domain. At the top of the domain, outlet pressure is considered
to be atmospheric pressure. The numerical domain and the bound-
ary conditions are shown in Fig. 5a.

Different number of mesh elements have been tested and the
results were compared for the temperature in the outlet at the cen-
terline, to ensure a mesh independent solution. Accordingly,
choosing a mesh number of 1000, we found a 0.05% deviation in
the results, compared to the simulation of the gap with mesh num-
ber of 100. Similarly, the results for simulation with 2000 mesh
elements deviated up to 0.01%, compared to those from the case
with 1000 elements. Therefore, we chose element number of
1000 for numerical investigation purposes. Fig. 6 shows the grid
independency analysis for the benchmark case. As can be observed
in the figure, the number of elements does not have significant
effect on the results, and the simulation is not very sensitive to
the grid size. Table 1 lists the parameters used for the benchmark
case. Fig. 5b shows a sample of the grid used in numerical studies.
Velocity distribution, and temperature distribution obtained from
numerical simulation on the benchmark case are shown in
Fig. 5¢ and d, respectively.

Comparing the results from integral technique and the numeri-
cal simulation results and trying to fit the temperature and velocity
profiles, the unknown constants, ¢ and ¢ for air, will be found as
follow;
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c— 40 (29)

06=95 (30)

Substituting the obtained constants in the gap velocity and
temperature profiles, Eqs. (27) and (28), closed-form solution are
obtained for temperature and velocity inside the gap. Fig. 7 shows
the worst case we observed, comparing the results from integral
solution and numerical simulation with the constants introduced
in Egs. (29) and (30). The maximum relative difference between
the integral solution and numerical simulation, is 5.4% and 8.6%,
respectively for velocity and temperature distribution.

5. Experimental study

The objective of the experimental study is to verify the results
of the method proposed for calculating total heat transfer from
the interrupted fins in Section 6.1. To accomplish this, a custom-
made testbed was designed and built, and 13 finned plate samples,
with different fin spacing, gap length, and fin length were pre-
pared. A series of tests with different average surface temperatures
were conducted to validate the results from integral solution.

5.1. Testbed

A custom-made testbed is designed for measuring natural con-
vection heat transfer from the finned heatsinks, as shown in Fig. 8.

Table 1
Parameters used for numerical simulation benchmark case.
Parameter Description Value Unit
G Gap length 5 [cm]
4 Gap width 11 [mm]
Uin max Maximum velocity at the inlet temperature 0.3 [m/s]
(centerline)
Uin min Minimum velocity at the inlet (side boundaries) 0 [m/s]
Tinmax Maximum temperature at the inlet (side 60 [°C]
boundaries)
Tin.min Minimum temperature at the inlet temperature 47 [°C]
(centerline)

The set-up includes a wooden frame which is insulated at the back-
side by two layers of compressed polyester foam with a thickness
of 25 mm each. The input heat is provided by a 30 cm long 150 W
Chromalox strip heater, attached to the backside of the sample.
High conductive thermal paste provided by Omega is used to mini-
mize the thermal contact resistance between the heater and the
samples. A variable voltage regulator, Variac model SC-20M, is
used to provide the power to the heater. To measure the tempera-
ture, T-type thermocouples provided by Omega, are attached to
backside of the samples. Data logging is performed through a data
acquisition system (DAQ), supplied by National Instrument. The
supplied AC voltage and current to the heater are measured by
National Instruments DAQ modules, NI 9225 and NI 9227, respec-
tively. Temperature data are logged by National Instruments DAQ
module, NI 9213.

Thirteen samples with the same fin height and baseplate
dimensions are prepared. To ensure similar surface finishing for
all the samples, CNC machining was used to prepare the samples.
Geometrical dimensions of the samples are designed in a way to
enable parametric study on fin spacing, fin length, and gap length.
Based on the developed model, fin parameters are selected to cover
the optimum range. Dimensions of the test samples are given in
Table 2.

5.2. Test procedure

The experiments are performed in a windowless room with an
environment free of air currents. The room dimensions are
selected to be large enough to ensure constant ambient tempera-
ture during the test. The input power supplied to the heaters is
monitored and surface temperatures were measured at five loca-
tions at the back of the baseplate. Four self-adhesive, copper-con-
stantan thermocouples (Omega, T-type) are attached in vertical
locations on one side of the samples backplate, as shown in
Fig. 8a. An extra thermocouple is installed on the same level with
the lowest thermocouples, at the other side of backplate, to make
sure that the temperature is well distributed horizontally (Ts in
Fig. 8a). All thermocouples are taped down to the backside of
the samples to prevent disturbing the air flow on the finned side
of the samples. An additional thermocouple is used to measure
the ambient temperature during the experiments. Temperature
measurements are performed at five points and the average value
is taken as the baseplate temperature. Among all the experiments,
the maximum standard deviation from the average temperature
is measured to be less than 2.5 °C. Since the experiments are per-
formed to mimic the uniform wall temperature boundary condi-
tion, the thickness of the baseplate and the fins are selected
fairly high, 5 mm and 3 mm, respectively, to ensure the minimum
thermal bulk resistance and uniform temperature distribution in
the samples. An infrared camera, model SC655 from FLIR, is used
to observe the temperature variation along the fins. The maxi-
mum temperature difference between the fins and the baseplate
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Fig. 7. Comparison between the result from integral technique with ¢ = 40 and ¢ = 95 and numerical simulations at the benchmark case, (a) velocity domain, (b) temperature
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Fig. 8. Experimental setup, (a) the position of thermocouples and the heater, (b) photos of sample under test, (c) schematic of the test bed and insulations.

is measured to be about 2.1 °C, so the fins are assumed to be at The steady-state condition is considered to be achieved when the
the same temperature with the baseplate. For each of the 13 sam- rate of all temperature variations are less than 0.1 °C/hr which in
ples, the experimental procedure is repeated for different power average, takes 120 min for the test samples used in the
inputs. Table 3 lists the range of some important test parameters. experiments.
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Table 2
Dimensions of the interrupted fin samples used in the experiments.
Schematic and sample photos Sample name s [mm] I [mm)] G [mm)] m n
IH] i Int. 9-30-10 9 30 10 7 9
- Int. 9-10-10 9 10 10 15 9
Int. 9-20-10 9 20 10 10 9
Int. 9-40-10 9 40 10 6 9
Int. 9-50-10 9 50 10 5 9
Int. 9-140-10 9 140 10 2 9
Int. 5-30-10 5 30 10 7 13
Int. 7-30-10 7 30 10 7 10
Int. 11-30-10 11 30 10 7 8
Int. 13-30-10 13 30 10 7 7
Int. 9-30-6 9 30 6 1 9
Int. 9-30-8 9 30 8 8 9
Int. 9-300-0 9 300 0 8 9
Table 3 ) . where wg is the uncertainty in results, R(xq, X2, ...,Xy), and w; is the
Range of some important parameters in test procedure. . . A
uncertainty of the independent variable x;. The final form of the
Parameter Description Range Unit uncertainty for the input power becomes;
I;}Q Xr?ttieénl:ot:,;;erature g4§(2)7 {Y\C/} P iﬂput[W] =VlI (32)
Tw Wall temperature 30-70 [=C]
1
SPinput AN Nk 3
For the data analysis, heat transfer due to natural convection Pinput (V) * (T) (33)
from the baseplate and fin tips are calculated using the available
correlations in literature [15], and subtracted from total heat input ) 1
to the system. Following Rao et al. [53], the effect of radiation heat  0Qgat. _ |, (&)2 . 4(57_x)z n (ﬁ)z n (M)z N (ﬂ)z ’
transfer is also subtracted from the fins total heat transfer. Due to Qm. o Tw T L w t
relatively low surface temperature and low emissivity of machined (34)
aluminum (between 0.09 and 0.1 [54]), the effect of radiation is not
significant. The maximum calculated value for radiation heat . .
transfer is 3.2% of total heat transfer. Qn.c.W] = Pinpur — Qraa. (35)

5.3. Uncertainty analysis

Voltage (V) and current (I) are the electrical parameters mea-
sured in our experiments, from which the input power, Pinpy, can
be calculated. The total accuracy in the measurements is evaluated
based on the accuracy of the employed instruments. The maximum
uncertainty for the measurements can be obtained using the
uncertainty concept provided in [55]. To calculate the uncertainty
with the experimental measurements the following relation is
used [55]:

on= [ (o]

31

Substituting the values for V,I,T,,, T..,L, W, and t, into Egs. (34)
and (35), the maximum uncertainty value for natural convective
heat transfer, QN_C_ is calculated to be 8%. The temperatures uncer-
tainty AT is 2°C which is twice as the accuracy of the T-type
thermocouples i.e. +2 °C. The calculated uncertainties reported as
error bars in the experimental results.

5.4. Test results

The comparison between the experimental data and the values
obtained from the combination of the channel solution and gap
solution are shown in Fig. 9 for different values of AT, which is
the difference between average surface temperature and ambient
temperature. The details on how to calculate the total heat
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Fig. 9. Comparison between the experimental data and analytical solution, (a) fin
spacing, (b) fin length, (c) gap length.

transfer to develop the analytical results of Fig. 9 are explained in
Section 6.1. As can be seen in the figure, there is a fairly good
agreement between the experimental data and the analytical
solution. For the fin spacing, s, the maximum, minimum, and
average relative difference between the experimental data and
closed-form solution is 32%, 2% and 10%, respectively (Fig. 9a).
These values for the fin length, [, are 26%, 1% and 11%, respec-
tively (Fig. 9b). Comparing the result from analytical solution to
the experimental data, gives maximum, minimum, and average
relative difference of 23%, 1% and 7%, respectively for the gap
length, G (Fig. 9¢). Maximum errors always occur at low tempera-
ture differences between the surface and ambient, AT ~ 7 °C,
which is not normally a value for naturally-cooled heatsinks in
real applications.

100

Optimum fin spacing

0[W]

Fig. 10. Effect of fin spacing on heat transfer from the heatsink.

6. Results and discussions
6.1. Heat transfer calculation procedure

Having geometrical parameters, fin height, H, fin thickness, t, fin
spacing, s, fin length, [, and gap length, G, known, on a baseplate
with dimensions, L and W, number of fin rows, m, and number of
fin columns, n, can be calculated as follows;

L
w
n= STt (37)
The total heat transfer area can be calculated as follows;
A =2mniH (38)

To calculate the heat flux from the first row of fins, Eq. (3) for
the inlet velocity to the first row, uc;;1, can be substituted into
Eq. (4) to find the heat transfer coefficient associated with first
row of fins, h;. The calculated heat transfer coefficient can be sub-
stituted in Eq. (39) to find the heat flux, knowing that the inlet
temperature to the first row, Tcn1, is equal to ambient tempera-
ture, T.

¢y = hi(Tw — Tinca) (39)

Now Egs. (21) and (22) can be used to find the inlet condition to
the first gap ugin1 and Tg;,1. Having the first gap inlet conditions,
Eqgs. (23) and (24) can be used to calculate the average inlet veloc-
ity (ucin2) and temperature (Tcn2) to the second row of fins. The
same procedure can be followed to find the heat flux for the ith
row of fins, until the March through all the rows is finished. The
total heat flux and total heat transfer can be found as follows;

=3 (40)
Q- 4q (a1)

All fluid properties can be evaluated at the average tempera-
ture, Toyg = (Tw + T)/2. A simple computer code, in any language,
can be developed to find the heat flux and total heat transfer from
any arbitrary fin arrangement.

6.2. Parametric study

6.2.1. Effect of fin spacing
Fig. 10 shows the effect of fin spacing on total heat transfer from
the heatsink. As expected, an optimum fin spacing exists that
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Fig. 11. Effect of gap length on heat transfer from the heatsink, (a) total heat
transfer, (b) dimensionless heat transfer with respect to continuous fins.

maximizes the heat transfer and interestingly enough, our various
parametric studies show that the optimum fin spacing will remain
unchanged compared to continuous fins case. Therefore, the cor-
relation from [22] for optimum fin spacing is valid for case of inter-
rupted fins as well.

1
sopr,:2.714[ voL } 42)

gﬁ(TW - Tx)

6.2.2. Effect of gap length

The effect of gap length on total heat transfer at different tem-
peratures is shown in Fig. 11a. At first look, one may conclude that
the best gap length is G = 0; however, it should be noted that gap
length has an asymptotic effect on the heat transfer. As G — 0, total
heat transfer will increase dramatically but at G =0, which is
related to continuous fins, there will be a sudden drop in total heat
transfer value. To shed more light on the effect of gap length,
Fig. 11b shows the ratio of heat transfer from interrupted fins to
the heat transfer from continuous fins with the same fin spacing,
Q/Qcont., versus G/L. This figure shows how at small values of gap
length the heat transfer from interrupted fins dominate the heat
transfer from continuous fins, due to the effect of gap on thermal
boundary layer. As the gap length increases, due to loss of heat
transfer area, total heat transfer keeps decreasing until the inter-
rupted fin arrangement loses its privilege over continuous fins. It
is also worth mentioning that as gap length increases, the weight
of heatsink decreases, which can play a key role for the applica-
tions in which weight is an important matter.

6.2.3. Effect of fin length
Fig. 12a shows the total heat transfer from the fins for different
fin lengths at various surface temperatures. As shown in the figure,

90
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Fig. 12. Effect of fin length on heat transfer from the heatsink, (a) total heat
transfer, (b) dimensionless heat transfer with respect to continuous fins.

fin length plays an important role in the heatsink performance.
Depending on the baseplate dimensions, an optimum fin length
can be found to maximize the total heat transfer rate. Fig. 12b
shows the ratio of heat transfer from interrupted fins to continuous
fins, which as shown, can be over 12 times more for the specific
case shown in Fig. 12b.

A noteworthy trend that can be observed in Fig. 12b is that the
enhancement effect of adding interruptions to the fins decreases at
higher temperatures. The reason for this phenomena is that the
buoyancy force is stronger at higher temperatures, causing more
air flow to pass from the channel. More air flow leads to higher
velocity and heat transfer rate. Adding interruption to fins at high
surface temperatures, decreases this effect by removing high tem-
perature solid surface, which is the main cause for buoyancy force.
However at practical ranges of heatsink temperature, 40 — 60 °C,
interrupted fin arrangement can dissipate heat about 3 times more
than continuous fins, which is still a considerable contribution to
the heatsink performance.

6.3. Heatsink design procedure

In this section, it is intended to find the best fin arrangement, by
determining the geometrical parameters, to maximize the total
heat transfer rate from an available surface area, with a known
operating temperature. The design procedure for the fin arrange-
ment is explained in this section as following;

Step 1: Selecting the fin thickness, t. Fin thickness selection is
mostly a matter of mechanical strength, so depending on
the application and required robustness of the heatsink,
the fin thickness can be selected. However, when selecting
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the thickness of the fins, we should keep in mind that
thicker fins present lower thermal bulk resistance, which
leads to more uniform temperature distribution along
the fin and higher heat transfer. It also worth noting that
thicker fin means heavier heatsink.

Step 2: Calculating the optimum fin spacing, sq,, using Eq. (42).
The number of fin columns can be evaluated using Eq.
(37), when the optimum fin spacing is determined.

Step 3: Determining the gap length, G. Selecting the gap length is
highly dependent on manufacturing limitations, cost, and
weight considerations. As shown in Section 6.2, the smal-
ler gap length leads to higher total heat transfer rate; how-
ever sometimes due to manufacturing limitations, small
gap length is not practical. Very small gaps can also get
blocked due to contamination and corrosion and lose their
effects. On the other hand, the higher the gap, the lighter
the heatsink. Therefore, in applications where weight is a
limiting factor, higher gap lengths are better choices.
Based on the above-mentioned considerations, one or
more gap length option(s) can be selected for the analysis
in next step.

Step 4: Finding the optimum fin length. Having all the fin parame-
ters determined, and assuming an average operation tem-
perature for the heatsink, a simple computer code can be
used to perform a parametric study on the fin length to
maximize the total heat transfer from the heatsink.

7. Conclusion

A new analytical solution for steady-state laminar natural con-
vection from isothermal vertical rectangular interrupted fins is
presented and close-form compact correlations are introduced
for velocity and temperature distribution for the first time.
Integral technique was used in combination with numerical sim-
ulations to solve the governing equation. A custom-made testbed
is built and 13 different aluminum heatsinks are tested to validate
the numerical and analytical results. An easy-to-apply method is
introduced, using the obtained correlations, to calculate total heat
transfer from any arbitrary arrangement of interrupted fins, and a
step-by-step method is presented to design naturally-cooled heat-
sinks with interrupted fins. Results show that naturally-cooled
heatsinks with interrupted fins are capable of dissipating heat up
to 12 time higher than currently available heatsinks with similar
baseplate dimensions. This is while the weight of such heatsinks
can get up to 30% lighter than the heatsinks with continuous fins,
but similar baseplate dimensions.
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