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Abstract

Pin fins are widely used as elements that provide increased cooling for electronic devices. Increasing demands regarding the perfor-
mance of such devices can be observed due to the increasing heat production density of electronic components. For this reason, extensive
work is being carricd out to select and optimize pin fin elements for increased heat transfer. [n the present paper, a procedure is described
to select heat exchanger surtfaces with pin fins in accordance with their location in a performance diagram. Such a diagram provides per-
formance comparisons of pin fins with respect to two operating parameters: the heat transler rate per unit base surface area and the
power input for the same area. It is shown that elliptical cross-sections offer the best performance compared with all other investigated
cross-scctions for pin fins. The present work demonstrates that the heat exchanger performance plot allows also the selection of the best
elliptical cross-section design within the initial design set (design set obtained numerically) in analogy with the Pareto-optimality
approach. However, the real optimal geometry of the elliptical cross-section is deduced {from commercial optimization software, mode-
FRONTIER. It is shown that by subsequent usc of the virtual solutions from the response surface modelling (RSM) of that software and

their validation with Star-CD, a complete “Pareto-frontier solution™ can be obtained.

© 2006 Elsevier Lid. All rights reserved.
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1. Introduction and aim of the work

One of the primary goals in the design of modern ther-
mal systems for cooling of electronic components is the
achievement of more compact and, hence, eflicient heat
transfer devices. This requires the employment of surfaces
with high heat transfer coefficients and high area compact-
ness. Particular attention has to be paid to the selection/
design of heat transfer surfaces if the required energy-car-
rying fluid turns out to be a gas. It is well known that gases
have heat transfer coefficients that are about 100 times
lower than those of hquids. This is usually compensated
with larger heat transfer areas and it 1s the aim of the work
of engincers to have the surface area reduced by enhancing

" Corresponding author. Tel: +49 9131 8529481: fax: +49 9131
§529503.
E-mail address: sahiti@lstm.uni-erlangen.de (N. Sahiti).

1359-4311/$ - see front matter © 20006 Elsevier Lid. All rights reserved.
don10.1016/p.applthermaleng.2006.05.018

the heat transfer coefficients. The present paper relates to
work in this direction.

To outsiders, the design of efficient heat exchangers
appears more like an art than an engineering science. 1f
the designer looks into the literature, finds a number of
investigations that relate to the optimization of heat trans-
fer by suitable elements mounted on surfaces. Elements of
different shapes and different sizes are used for heat transfer
cnhancements and the concentration of elements per unit
area varies from experiment to experiment. The final
results of individual measurements are generalized by plot-
ting the results in the form of Nusselt numbers, Nu, and
friction factors, /, as a function of Reynolds numbers,
Re. Similar dimensionless numbers, namely Colburn fac-
tor, j, and friction factor, f, were employed by Kays and
London [1] for presenting heat transfer and pressure drop
data. Diagrams of this kind arc only useful for scale-up
or scale-down investigations, 1.e. the same Nussclt number
only applies for geometrically similar heat enhancement
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Nomenclature

surface area Greek symbols
a large elliptical axis Oy Kronecker-delta
/? §mull f:”lpthZ.‘l[ axis . n fan cfficiency
Cp isobaric specific heat capacity v kinematic viscosity
d diameter 0 density
¢ power input T, vISCOus stress tensor
i mass flow rate
P pressure Subscripts
AP pressure drop a big elliptic axis
Q heat transfer rate b base surface arca reduced parameter, small ellip-
q volume or area reduced heat transfer rate, W/m? tic axis

2

or W/m* f fluid
Re Reynolds number h hydraulic
I elliptical axis ratio in inlet
S pin distance L streamwise dircction
T temperature out outlet
! thickness (NACA profile) S solid
U; velocity components T transverse direction
U free stream velocity t total
V volume flow rate \% volume reduced parameter, constant volume
X pin distance
X abscissa (NACA profile)
X; Cartesian coordinates
» ordinate (NACA profile)

L
elements. Hence Nusselt number elements of different practical reasons modified by reducing of the heat transfer

shapes or of different number concentration per unit area
are not comparable. The Nusselt number of one element
can be larger than that of a second element but can still
yield lower overall heat transfer when realized in a
particular heat exchanger configuration. The appropriate
comparison of various elements for heat transfer enhance-
ment should consider their overall performances, namely
their heat transfer and pressure drop characteristics. For
that purpose Kays and London [1] suggested the plotting
of heat transfer coefficient /1 normalized to unit heat trans-
fer surface area versus pumping power ¢ normalized to the
same area. In the study Sahiti et al. [2], that method was for

27000 —

ip (1/9-22.68
2000t 5P !

17000 F
[

G (kW/m)

:
=

Pins_LSflV_I

I:Ihle (9-86)

i NLouvered (11 1)= 5 /@y
£ Pins (AP-1)

coefficient to the bare surface area, whereas subsequently
[3] 1t was demonstrated that the most reliable performance
prediction can be obtained by comparison of the heat
transfer rate per unit heat exchanger volume ¢, versus the
power input per same volume ¢, (Fig. 1). Hence heat trans-
fer capability versus effort is plotted, botl normalised with
the same volume. In this way, elements for heat transfer
enhancement that lic higher than others are better in their
performance and should be chosen for a particular heat
exchanger design. The original data provided by Kays
and London [1] were converted by the authors to yield
the diagram shown in Fig. 1.
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Fig. 1. Performance plot of plaie and pin fin heat transfer surfaces.
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This diagram clearly indicates that the numerically sim-
ulated pin fin configuration Pins_LSTM performs better
than all other fin forms investigated by Kays and London
[1]. For clarity reasons, that kind of comparison in Fig. |
is shown only for representative fin forms. Fig. 1 also shows
that pin fins do not automatically perform better than other
fin forms, e.g. the pin configuration AP-1 shows the lowest
performance compared with all other fin forms. This is due
to the large pin diamcter of that configuration and to the
large interpin distance {small heat transfer surface compact-
ness). However, providing similar geometric dimensions
and hcat transfer surface compactness (same order of the
magnitude of pin diameter and interpin distance compared
with the thickness and distance of other fins), pin fins offer
the best performance. Hence, although, in general, pin fins
are characterized by higher pressure drops than other fin
forms. one can always show that the overall pin fin perfor-
mance is higher than that of other heat transfer enhance-
ment clements, provided that the appropriate selection of
the pin fin geometry is made and also the arrangement on
the heat transfer surface is chosen to be optimum. The
aim of thesc studies to obtain the optimum pin fin shape
and also the optimum arrangement on the base plate was
a major task in these studies. The investigations carried
out are summarised here and the final results are presented.

The excellent capabilities of pin fins to enhance the heat
transfer rate have been widely identified in the electronics
industry but &lso in other industrial fields. Therefore, difler-
ent aspects of such elements have been the object of the
investigations of numerous workers. Basic research on their
heat transfer and pressure drop characteristics were per-
formed by Theoclitus [4], Sparrow and Ramsey [5] and Sara
et al. [6]. There have also been some contributions concern-
ing different shapes of pin fin cross-sections which have been
applied in electronics cooling but also in other ficlds of heat
transfer. Chen et al. [7] carried out experiments on heat
transfer and pressure drop measurements in a rectangular
duct with drop-shaped pin fins. They reported the Nusselt
number for a channel with drop-shaped pin fins to be
slightly higher than those of circular cross-sectional shape.
However, they found that, in their experiments, the pressure
drop of drop-shaped pin fins was 42-51% less than that of
pin fins with circular cross-sections. Li et al. [8] investigated
the heat transfer and pressure drop characteristics of ellipti-
cal pin fins in a rectangular channel. They measured higher
heat transfer coefhicient for elliptical fins than those pub-
lished for circular pin fins. Furthermore, they reported from
their experiments a smaller pressure drop for elliptical pins
in the range 44-58%.

Regarding the influence of tube spacing on the thermal
and fluid dynamic performance of pin fin arrays, valuable
information can be derived from works of Bejan et al. [9]
and Stanescu et al. [10] in which the authors investigated
the optimal tube spacing which would allow the maximum
heat transfer within a fixed volume. These works originated
the well established geometric optimization method known
as “*constructal theory™. The optimization according to this

theory is based on the principle of “self optimization” of
natural flow systems. The efficiency of the constructal the-
ory in finding the ways of minimum thermal resistance for
the heat flow from small-scale electronics components was
demonstrated by Bejan [11]. Further analytical and exper-
imental work related to the influence of various pin fin
parameters on the performance of heat sinks including
the optimal pin spacing was provided by Kobus and Oshio
[12] and recently also by Kobus and Oshio [13].

A detail numerical investigation of heat transfer and
pressure drop of in-duct flows with pin fin arrays with var-
ious cross-sections, for staggered and for inline arrange-
ments, was provided by Sahiti et al. [14]. By presenting
heat transfer per unit base surface area versus the input
power per unit base surface ared, they compared the pin
performances for two diflerent geometrical comparison cri-
teria. They demonstrated that from a practical viewpoint,
the elliptical cross-section performs better than all other
pin cross-sections.

Further aspects of the heat transfer and pressure drop of
pin fin arrays e.g. the relative merits of pin fin heat transfer
and endwall heat transfer in the overall pin array heat
transfer were investigated by VanFossen [15] and Mezger
et al. [16].

All this shows that much information is available in the
literature on the merits of pin fins for heat transfer enhance-
ment but no final conclusions exist regarding the optimal
pin configuration. To remedy this situation, the present
authors carried out the study summarized in this paper.
The work was carried out with the aim of selecting and opti-
mizing 4 pin cross-sectional geometry and the arrangements
of the pin fins on a heat transfer surface in order to yield the
best performance in what might be called an absolute sense.
For that purpose, the results and procedure to select the
best pin cross-section discussed in detail by Sahiti et al.
[14] were applied. Through this, good information resulted,
showing that elliptical pin fins with a staggered arrangement
gave the best performance. The optimization of that pin
configuration carried out in the present work considered
the transverse and streamwise pin spacing, the inlet fluid
velocity and the elliptical axis ratio.

2. Pin cross-scction and geomctrical comparison criteria

The identification of the best performing cross-section
was done by Sahiti et al. [14] by comparison of the perfor-
mance of pin fins with cross-sections having 2 NACA, a
drop, a lancet, an elliptical, a circular and a square shape
(Fig. 2). As a reference profile was chosen the NACA sym-
metric profile described by the following equation [17,18]:

- 0—'5 (0.2969 /% — 0.126x — 0.3516x% -+ 0.2843"

~0.1015x%) (1)

where v denotes the ordinate of the profile, 1 denotes the
maximum profile thickness as a percentage of chord length
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Fig. 2. Cross-sections of pin fins selccted for comparison,

and x the abscissa axis coinciding with the chord of the
profile. In the present work, the maximum profile thickness
was chosen to be 2 mm.

In order to have a NACA profile with realistic manufac-
turing features, a thickness of 50% of the chord length was
chosen, which leads to a chord or profile length of 4 mm.
The geometric characteristics of other pin cross-scctions
were derived based on the hydraulic diameter of the NACA
profile and the constraints of the selected geometrical com-
parison criteria.

In order to provide a fair and physically meaningful
basis for the comparison, appropriate geometric compari-
son criteria which provide similar model dimensions were
seleccted. Furthermore the thermal conditions and fluid
properties were similar in order to assess the relative
advantages of different pin fin cross-sections. Hence two
different geometric criteria were employed. The first com-
panison criteria (FCC) encompass the same hydraulic
diameter dy,, the same coverage ratio ¢. and the same pin
length /.

The second geometric criterion (SCC) was selected
from the point of view of the practical application of heat
sinks. It provides the same pin blockage area, the same
distance between the pins and the same pin length /,. A
more detail explanation of the geometric comparison crite-
ria discussed in the present work was provided by Sahiti
et al. [14].

3. Governing cquations, simulation notes and prediction
procedure

For the simulation of convective heat transfer problems,
the governing equations comprise the continuity equation,
the momentum equation and the thermal energy equation.
The present computations are performed for a three-
dimensional laminar flow of air over a heated pin fin array.
For steady-state flow and steady-state heat transfer, within
a compressible fluid, the governing equations in index
notations takes the following form:

e Continuity equation:

ApU;)
—a 0 (2)

N Sahiti et al. | Applied Thermal Engincering 27 (2007) 111119

e Momentum equation:

p v, o &
" x; Ox

J

i

ax,' (3)
where for the Newtonian fluids, the momentum trans-
port term, 7;, reads

_jau, AU 2 au,
T = —H (axj + OX,- ) + g,ll(S,i/' a (4)

» Thermal energy equation:

2
[)CVU,-%— o aU’—r,,-% (5)
Ox; ax? ax; Ox;

In the above equations, U; denotes the velocity compo-
nents in the Cartesian coordinate system with its coordi-
nates x;, Ty denotes fluid temperature, P pressure and k;
thermal conductivity of the fluid.

In order to close the set of governing equations in the
fluid part, air was considered to behave like an ideal gas
and hence the density was considered to be dependent on
air temperature and air pressure:

p=f(TP) (6)

The conjugate heat transfer from pin fin arrays implies the
simultaneous solution of Eqs. (2)~(6) and the solid energy
equation, which reads

o7,

ax_z_o (7)

The number of pin rows in the streamwise direction was se-
lected based on Zukauskas [19], who demonstrated that the
flow and temperature patterns after 16 rows can be consid-
ered fully developed. The flow developing inlet block for
the FCC was taken to be 5d),, whereas the outlet block
length was set equal to 154, in order to avoid the influence
of eventual back flow streams in the final results. For the
SCC the length of these blocks was set to 57, and 157,
respectively, where f, is the maximum pin thickness pro-
jected 1n the flow direction.

The boundary conditions were selected based on a heat
sink model comprising a hot-plate with constant tempera-
ture (=70 °C), adiabatic side walls, adiabatic top wall.
The continuity, momentum and energy equations govern-
ing the conjugate heat transfer problem presented here
were solved using the commercial code Star-CD (v 3.24).
The flow and temperature field was considered to be in
the steady-state. The fluid was selected to be air with con-
stant inlet temperature (=20 °C). The isobaric specific heat
capacity and thermal conductivity of air were considered
constant whereas the Sutherland model was selected for
molecular viscosity. The solid part of the computation
domain (pins) was considered to be aluminum with con-
stant and isotropic properties. The detail description of
the boundary conditions, validation procedure, and grid
impendency check is given in Sahiti [3] and Sahiti et al. [14].
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For the performance assessment of the investigated pin
fins. the heat cxchanger performance plot [3] was used.
As the lengths of all pins were taken to be same, the heat
transfer and the power input werce reduced to unit base sur-
face area mstcad of unit volume of the heat sink. Hence
heat transfer per unit base surface area was calculated as

qn = — (8)

where O, is total heat transfer from the base wall and from
pins into the fluid. It was calculated as

Ql - /ili'cy/vl‘(rnul - TII\) (9)

where /iy denotes the fluid mass flow rate. ¢, the fluid spe-
cific heat at constant pressure and T, and 7T;, the outlet
and inlet bulk fluid temperatures. respectively.

The power input per unit base surface arca was calcu-
lated from the expression

VAP,
I[A b

e = (10)
where 7, is the volume flow rate of the fluid. AP, the total
pressure drop in the computation domain and 5 the fan
ethiciency (arbitrarily taken as 0.8).

4. Sclection of the best performing cross-section

The computation procedurc described in previous sec-
tion was followed to perform the relative performance
comparison of the discussed pin cross-sections [14]. In con-
trast, the objective of the present work was to select the
best cross-section among those investigated by Sahiti
et al. [14] regardless of the arrangement and gcometric
comparison criterta applied there.

For practical application, this means the selection of the
pin cross-section which would allow absolutely the highest
heat transfer rate for a given pressure drop and unit base
area no matter what their arrangement. Therefore, the
sclection was performed by plotting of the heat transfer
per unit base surface area versus power input per unit base
surface area of all investigated cases (Fig. 3). The abbrevi-
ations shd and sba in Fig. 3 represent the same hydraulic
diameter and same blockage area as characteristic con-

straints related to the FCC and SCC, respectively; st
and in denotes the staggered and inline arrangement,
respectively.

From the graphical presentation of the results in Fig. 3,
one can easily conclude that the highest performance is
achieved with pin fins having an eclliptical cross-section
and a staggered arrangement with characteristics according
to the FCC.

5. Optimization concept

After the elliptical cross-section had been found to be
the best among all cross-section forms investigated the
question that naturally arose was the possibility of optimiz-
ing such a cross-section. Optimization can be described as
the process of seeking improvements of one or more objec-
tives as a function of scveral input variables with or with-
out constraints. The objectives are selected according to
the nature of the problem or process that has to be opti-
mized. In the present work, this is the maximization of heat
transfer per unit base area and minimization of power
input per unit basc area. Depending on the number of
the objectives that have to be optimized, the optimization
can be characterised as a singlc-objective or multi-objective
optimization problem. In contrast to single-objective opti-
mization problems, in multi-objective optimization prob-
lems such as the present one, thc notation of the
optimality 1s not so obvious [20]. It may be a single-point
solution (weighted sum approach) or a set of optimal solu-
tions (Pareto-optimality approach). For the weighted sum
approach, a multi-objective optimization problem is
reduced to a single-objective optimization problem by
aggregating of the multiple objectives to a single-objective
function. The single-objective function represents the sum
of the weighted objective valucs [21]. The main drawbacks
of such a procedure are the deep knowledge of the problem
required in order to give an adequate preference or weight
to individual objectives, and the impossibility of determin-
ing more than one solution for a given set of weights to the
objcctives. Following the Pareto-optimality approach as in
the present work, one is interested in finding a set of opti-
mal solutions. The features of such solutions are such that
no objective belonging to the optimal solution can be

2400()vt — — — - - — -
3 zzooozt
3 f X o
B 20000 £ » xo
Z a
218000 . ©
E AT 10000 <
s Z2 a °
5 = 14000 i ° o circutar_shd_st drop_shd_st & cHiptic_shd_st ‘
S = 12000 . s 2 laneer_shd_st ~ squitee_shd _st
L 0000 F © ¢ R i ~clliptic_sha_st drop_sha_st
z | L < o lance_abiu_st NACA_sha_st syuare_sbi_st
8 8000 ¥ » circular_shd_in clliptic_shd_in drop_shd_in
3 6000 ’F‘\ l;_llle.\'hd in N/_\('_/\_\hd_m .\(((Hﬂt‘_\hc}_tﬂ
2 i circular _sha_in eliptic_sha_m drop_sba_in
= "OOOE langet_sba_in NACA _sba_in syuare_sha_in
L1 0 0] S S U S U S S U U S S S S S S PR S S
0 10 20 30 40 50 60 70 80 90 100

Energy input per unit hase area ¢, (W/mh

Fig. 3. Absolute performance comparison of pin fin cross-sections.
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further improved without deteriorating at least one of the
other objectives. Hence such solutions represent a set of
compromise solutions obtained by considering all objec-
tives simultaneously. Such solutions are also called non-
dominated, in contrast to the dominated solutions which
belong to the feasible but not optimal solutions [22]. The
set of non-dominated solutions is called the *‘Pareto-fron-
tier” beyond which no other feasible solution exists.

S.1. Optimizarion model and initial best performing solfution

The design parameters and the objectives of the present
optimization model were selected based on the task of the
optimization of the elliptical cross-section for pin fins in a
staggered arrangement (Fig. 4).

The design parameters are input variables which com-
prise the variables governing the problem or process to
be optimized. In the present work, the following dimen-
sionless groups were selected as input variables:

Udy

v

Reynolds number: Re =

e transverse pin distance: Xt = (%Il,
h

»

dy’

e streamwise pin distance: X

elliptical axis ratio: r =2,
b a

where d), is hydraulic diameter of the elliptical cross-section
and v the kinematic viscosity.

P
.
D

Fig. 4. Elliptical cross-section parameters constituting input optimization
vartables.
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The general mathematical model of the present optimi-
zation problem can be formulated as

max|g, = f(Re, X1,X1,7)] (rn
and

minfe, = f(Re, X1,X1,r)] (12)
subject to

Rewin € Re € Repax

KXormin € X1 € Xrgax (13)

X
XLmin < XL < XLmn,\
<

Fmin g r max

Limiting values of the design parameters constituting con-
straints (13) were as follows: Re, 180-600; X', 1.5-4.5; X1,
1.5-4.5; and r, 0.2-0.6. In order to obtain an initial set of
designs, Re was modified according to inlet velocities from
1.5m/s to 4 m/s in steps of 0.5 m/s. Dimensionless dis-
tances X and X were modified in steps of 0.5 and the
ratio » was modified in steps of 0.1.

The two objectives, ¢, and ey, selected for optimization
of the elliptical cross-section were used as basic variables
also in the heat exchanger performance plot. Hence such
a plot may be used in order to obtain the best performing
solution within the first (initial set) designs simulated with
Star-CD (Fig. 5).

Following the horizontal line passing through the point
11, one can see that the lowest power input for the same heat
transfer rate is required for the design represented by the
curve labeled “sl_d 1.5 (design n). Similarly, following
the vertical curve passing through the point n, one can
sec that the highest heat transfer rate for the same power
input is obtained by the design n. The same analysis can
be performed for all other designs lying the on the curve
“sl_d_1.5" which is obtained for Re =200-530, Xt = 3.5,
X, =15 and r=0.4. Hence the curve “s|_d_1.5” repre-
sents the solution that offers the best performance within
the initial set of designs. Such a solution is in analogy with
the Pareto-optimality approach in terms of the impossibil-
ity of improving an objective without deteriorating the
other objectives.
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Fig. 5. Best performing solution within the initial designs.
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5.2 Pareto-optimality set-up with modeFRONTIER

The best performing sotution based on the heat exchan-
ger performance plot was determined based only on the
investigated designs. The determination of the full optimal
solutions by dircet plotting of objectives against cach other
as in the heat exchanger performance plot would require
tedious trial and error simulation procedures. Hence the
usual procedure with such tasks is to employ a suitable
optimization algorithm to do the job in a much more ele-
gant way. In the present work, the optimization task was
performed by using the powerful optimization software
modeFRONTIER [23].

In software terms, modeFRONTIER is a general-pur-
pose design tool which enables the designer to search for
optimal designs over a number of criteria {e.g. cost, efli-
ciency, weight, volume) within a given design space. The
designs generated during optimization make up the trade-
ofl surface (Pareto-frontier). The Pareto-frontier is then

“TRiNeb T

~ <7

T MAXGh T

Constr2

¥ K B A

Fig. 6. mode[FRONTIER workflow for pin cross-section optimization.

Constr

processed by a decision support tool that generates a utility
function to suit the designer’s aims best.

5.2.1. Optimization strategy

The initial designs presented in Fig. S (108 designs in
total) serve as the preliminary design space for mode-
FRONTIER. Using the Data Wizard Tool, the initial
108 designs are imported into the modeFRONTIER
Design Table. With the exception of the optimization algo-
rithm, objectives and constraints, the rest of the optimiza-
tion scheme (Fig. 6) was automatically generated at the end
of that procedure.

As already stated the aim of the present optimization
task was the determination of a compromise solution
according to the Pareto-optimality approach. The software
modeFRONTIER allows the derivation of such a solution
starting from the existing Design Table containing the 108
nitial designs. The Pareto designs (Fig. 7) obtained from
the preliminary exploration represents the most valuable
part of the input variable space according to the Parcto
dominance definition. Note the same form of the diagrams
in Figs. 5 and 7, the only difference being that in Fig. 7 the
full Pareto-frontier over the design space was automatically
derived and highlighted by modeFRONTIER.

5.2.2. Response surface modeling (RSM) creation and input
space exploration

modeFRONTIER is provided with several algorithms
designed for data interpolation; the Kriging algorithm
was selected because of its good accuracy value on interpo-
lation error over the output variables.

After the RSM has been built for the output variables, it
1s possible to usc the surrogate model to evaluate the per-
formance of pins instead of real solver (Star-CD). Since
the design evaluation using RSM is very fast, a massive
optimization of the design space is performed by using
the response surface (Fig. 8). Thus, virtual optimization
is the optimization carried out by running the problem
on the surrogate model. The NSGA-11 optimization algo-
rithm was used for the present work as it is based on a fast
and elitist multi-objective evolutionary algorithm. A fast

Q dominated designs

pareto designs
N L
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Fig. 7. Preliminary Pareto designs.
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and clever non-dominated sorting procedure is imple-
mented. in addition to elitism for multi-objective searching,
using an clitism-preserving approach. At the end of the vir-
tual optimization, the best so far designs (those belong to
the Pareto-frontier) arc re-calculated by running the real
solver. This process is named validation of the response
surface. More precisely. three Pareto points are selected
by using Kriging RSM and then evaluated using Star-CD
in order to obtain a measure of the interpolation error
between real and virtual points. The accuracy of the initial
responsc surface is fairly low; therefore, a new interpola-
tion function is nceded. For this purpose. the results given

by the real CFD analysis allow one to update the existing
database with three more designs. At this point, a4 new
RSM training is carried out by using Kriging algorithm
once again. As a result, a new response surface is created
with a reduced interpolation crror, compared with the ini-
tial onc.

A new optimization phase subscquently takes place by
using response surface as virtual solver with a genetic algo-
rithm sct as scheduler. As previously, threc Pareto points
arc selected and then vahidated with Star-CD. This recur-
sive task stops once the accuracy level of the responsc sur-
face becomes acceptable for the designer.
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Fig. 9. Pareto-rontier of predicted points according to the response surface.
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Fig. 10. Pareto-frontier of predicted points after validation with Star-CD.
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Following this approach, five consecutive RSM train-
ings in total are needed so as to reach a sufficient accuracy
of the definitive response surface. Once the latter has been
built, a very eflective tool is available to fulfil the whole
Pareto-frontier wherein the best solutions lie.

Fig. 9 depicts the evolution of the Pareto-frontier for
each of the five steps of creation of the definitive response
surface. Fig. 10 shows the results of the validation of the
predicted solutions by response surface for each of the five
attempts. It can be seen that all the designs after validation
belong to the Pareto-frontier.

6. Conclusions and final remarks

Seeking eflective heat transfer methods, different mea-
sures have been suggested and employed to increase the
heat transfer rate on the side of the heat transfer surface
with the largest thermal resistance. Over the years, pin fins
have been proved to be the most eflective measures for
increasing convective heat transfer. Although the utilisation
of pin fins in some types of heat exchangers (e.g. in the auto-
mobile. air conditioning and aerospace industries) up to
now has not been established, pin fins have been widely used
in electronic industry, Having in mind the rapid increase in
dissipation power of electronic components and the contin-
uing demands on their compactness, the selection of the
appropriate pin cross-section and its optimization are of
great importance. Hence the major aim of the present work
was the demonstration of a simple and practical procedure
for selection and optimization of the pin cross-section for
electronics cooling. At the beginning of the present paper
a brief description of the early work of the authors, related
to the comprehensive investigation of pin cross-section in
their overall performance, was presented. Based on those
results, the sclection of the best pin cross-sections no matter
what their arrangement was performed. By means of the
heat exchanger performance plot, the elliptical cross-section
was found to be the best performing cross-section. Subse-
quently it was demonstrated that the heat exchanger perfor-
mance plot permits also the determination of the best
solutions within the initial investigated designs of that
cross-section in  analogy with the Pareto-optimality
approach. However, the real optimization of the elliptical
cross-section was performed using the commercial optimi-
zation software modeFRONTIER. It was demonstrated
that subsequent estimations of the Pareto solutions based
on response surface modeling of modeFRONTIER and
their validation with Star-CD converges into a completed
Pareto-frontier. In that way, the user can obtain a complete
set of optimal solutions by considering the heat transfer and
power input per unit base surface area. Since the Pareto-
optimality approaches excludes a priori giving any weight
to the objectives, the described optimization procedure
oflers the designer complete freedom to choose the most
appropriate solution for a particular application from the
Pareto-frontier.
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