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Abstract An optimization methodology for a microchannel hsiak suitable for the cooling of a parabolic
trough CPVT system is presented in this study. Bifferent microchannel configurations are considere
Fixed (FW) and stepwise Variable-Width (VMY microchannels respectively. The performance exaln
criteria comprise the thermal resistance of theé bk and the cooling medium pressure drop thraigh
heat sink. Initially, the effect of the geometriarameters on the heat sink thermal and hydrodynamic
performance is investigated using a thermal resigtanodel in order to save computational time. rEiselts

of the 1-D model enable the construction of sun@danctions for the thermal resistance and thegue
drop of the heat sink, which are considered asoffjective functions for the multiobjective optimiza
process that leads to the optimal geometric paemhdh a second step, a 3-D numerical model a flow

and conjugate heat transfer in the optimizeduAWat sink is developed in order to investigatdetail the
flow and thermal phenomena. The overall analysmatestrates that microchannel heat sinks achiewe ver
low values of thermal resistance and that the diseanable-width channels can significantly redube
pressure drop of the cooling fluid. Furthermoreisiproven that the 1-D model is capable of prowda
good estimate of the behavior of the heat sink.

Keywords: CPVT, Micro Heat Sink, Conjugate Heat Transfersfitese surfaces, Genetic algorithms,
Multiobjective optimization

1. Introduction Voltaic Thermal Systems (CPVT) use optical
devices to concentrate solar radiation onto a

The use of microchannel heat sinks is a very small area and therefore the presence of a

common practice for the cooling of Very high heat flux on the solar cell module renders

Large Scale Integrated (VLSI) circuits, where the use of a microchannel heat sink necessary,

the dissipation of extremely high heat fluxes is in order to extract the surplus heat and keep

necessary. Tuckerman and Pease (1981) werethe operating temperature of the solar cell

the first to demonstrate, that using channels module low. In the present work, a

with a hydraulic diameter in the microscale Mmicrochannel heat sink is utilized in a

region, can make the dissipation of heat fluxes parabolic trough CPVT system, serving the

as high as 790 W/chpossible. A number of  dual purpose of cooling the solar module and

either analytical or numerical methods has extracting useful thermal energy.

been reported by various researchers

(Goldberg, 1984; Knight, 1991; Mueller, 2002; 2. Heat Sink Configurations

Liu, 2003; Husain, 2008) in order to determine

the optimum geometrical parameters that The microchannel heat sink is bonded to the

maximize the performance of a microchannel backside of a solar cell module, Fig. 1, on the

heat sink front side of which, a constant flux of
In a similar manner, Concentrating Photo- concentratedsolar radiation is incident. A
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3. 1-D Analysis

heat sink\
:‘ 3.1 Fixed-width microchannels (FWp)

PV cells — | The thermal and hydrodynamic performance

of the microchannel heat sink was predicted by
> means of a one-dimensional thermal resistance

model. Initially, in order to evaluate the

_\receiver thermal performance of the heat sink, the
equivalent thermal resistance model was

reflector employed (Kraus & Bar-Cohen, 1983). The

\A// total thermal resistance of the heat sink is:
Rtot = Rcond + Rcal + Rconv (3)

Fig. 1 Schematic of the CPVT system.
The conductive and caloric thermal resistances

percentage of the incoming irradiation, in the ar€:
order of 15-20%, is absorbed by the PV
module and directly converted to electricity. R,y = t R, = 1 @)

The remaining energy is converted into heat to KA PQuiCp
be extracted by the heat sink, which is made of

aluminum, due to the high thermal As the conductive thermal resistance is
conductivity of the materialkg=237W/mK. dependent only on the thickness of the
The total area of the microchannel heat sink, gypstrate, it will not be included in the
corresponding to the area of the CPVT system following analysis. The convective thermal
receiver, is 0.5 x 0.06m The parabolic [(esistance is given by:

reflector aperture is equal to 1°reo that a

constant flux of 33kW/ris incident on the 1 1 T T
PV surface. Water was chosen as the cooling R, =— = = w7
medium with a total volumetric flow rate of hA th(anianh+Wch)LJ Q
30ml/s, which is sufficient for a system (5)
producing hot water at 80 for domestic use.
The cooling fluid, after entering the heat sink
through an inlet nozzle, branches into parallel
channels, the numbar of which is determined
by the channel widthW;, and the wall
thickness\, as follows:

W, . —aW W
N=—"1 "< wherea=—% (1)
(a+1)lvch Wch

Thus, the flow inside each microchannel is
characterized by the Reynolds number defined
as:

(2)

Fig. 2 Thermal resistance model for a kWeat sink.
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The overall heat transfer coefficient is based on two basic remarks. On one hand, by
considered uniform over the channel base and reducing the channel width, while maintaining
vertical walls and since the flow lies almost the height constant, the Nusselt number
entirely in the fully developed region, the increases (Shah and London, 1978) and so
corresponding Nusselt number value, is taken does also the total heat transfer coefficient,
constant for a given geometry and can be which is further enhanced by the reduction of
easily obtained from analytical correlations or the hydraulic diameter. On the other hand,

tabulated values (Shah and London, 1978). upon reduction of the hydraulic diameter the
The side walls of the microchannels are Fanning friction factor and thus the pressure
thought of as fins with efficiency: drop also, increases.
In the case of a microchannel heat sink of
tanHmH,,) 2h constant hydraulic diameter which receives a
T where m= W (6) uniform heat flux, the bottom wall and the
ch sTw bulk fluid temperature both increase in a

_ similar linear manner, when the flow becomes
‘The hydrodynamic performance of the heat fy|ly developed (Incropera and Dewitt, 1996).
sink is described by the total pressure drop of The only option for enhancing the temperature

the cooling fluid: uniformity of the bottom wall is therefore to
gradually increase the heat transfer coefficient
APy = AP, + APy + APy + AP, ) along the direction of the flow by adding more

heat transfer surfaces (Barrau et al., 2010).

The four terms on the right-hand side of Eq. Additionally, using wider channels in the first
(7) refer to the pressure drop in the entrance, section of the heat sink, where the bulk fluid
the developing flow region, the fully temperature is low, decreases the overall
developed region and the exit of the pressure drop.
microchannel respectively, where the last term In order for such a heat sink to be
is negligibly small. The pressure drop due to structurally feasible, the width of the channel
contraction can be calculated from an along consecutive sections must be decreased
analytical correlation given by Blevins (1984), in the following manner:
whereas the pressure drop in the developing

and the fully developed region is expressed by ~ Wehipstream W,
a relation of the general form: chdownstream ™~ 5 "o ®)
_ 2pfLug The total thermal resistance of the M\Weat

Ap (8)

D, sink can be determined by Eq. (3), if a mean
convective resistance is defined as for the case

whereL is the length of the entrance region (or ©f parallel resistances:

development length), correlations for which

are given by Shah and Bhatti (1987), or the 1 sl zf 1 (10)
length of the fully developed region Reoniot it Reonvi 12 DA

respectively, and should be substituted by the

apparent Fanning friction factor in the where Ns is the number of sections, taken

developing region (Shah, 1978) or accordingly equal to three in the present analysis. Eq. (10)
by the Fanning friction factor for fully results if we consider the equivalent thermal
developed flow (Shah and London, 1978; Lee, resistance circuit, Fig. 3b, where the parallel

2007). resistances represent the equal-length sections
of different hydraulic diameters. The total
3.2 Variable-width microchannels (VWp) pressure drop can be obtained by adding the

The concept of the stepwise variable-width pressure drop values along each section as
(VW) microchannel heat sink (Fig. 3a) is derived by Eqg. (7). It should be noted that,
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T Tf,mean
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1

Rconv,i Rconv,i+1 Rconv,i+2
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Li=Li+1=Li+2 - Tw,mean

=L/N;

Fig. 3 VW heat sink: (a) Layout and (b) equivalent thernealistance network.

depending on the hydraulic diameter of the ration of the flow. Therefore, the height is
channels, the volumetric flow rate and the fixed at the maximum structurally possible.
length of each section, the flow could be Consequently, two independent design
developing or fully developed and therefore variables are selected for optimization, namely
the proper values for the Nusselt number and the microchannel widthW,, and the fin
the Fanning friction factor should be selected. thickness W,. For the VWi heat sink in
particular, the fin thickness must be

4. Optimization maintained constant and as small as

structurally possible. This is because the ratio
4.1 Objective functions and design variables & EQ. (1), can obtain values much higher than
determination unity, as the channel width decreases in each

The thermal and hydraulic behavior of the section, which is undesirable. Consequently,
heat sink can be fully described by the sum of the only design variable that can be altered is
the convective and the caloric thermal the width of the channel of the initial section
resistance, Eq. (4), and the required pumping Wen,init
power, which is defined as:

4.2 Surrogate functions
V,,Ap (11) A pair of design variables (Wen, W)
produces an output value of both the objective
functions. The total of these response values
objective functions for the optimization G€fines a surface which lays above the plane
process. _deflned by the_ deS|g_n variables (Jaluria, 2009)
The total width and length of the in the three dimensional space. The response

microchannel heat sink are fixed and therefore Values can be adequately approximated by
the design parameters which determine the Surrogate functions of the tyz= f(xy). A
heat sink performance and can be included in third order polynomial was chosen to
the optimization process are the channel width approximate the thermal resistance response:
and aspect ratioHzy/Wep), along with the fin

thickness. It is evident from the analytical R, (W, W)= P+ PiWey, + P, + PooWer
correlations for the thermal resistance and

pressure drop that an increase in the channel + PWW,, + P, + PV

aspect ratio has a beneficial impact on both the N ) 5
objective functions, due to the increase of the + P Wiy + P Wi + Pogl
available heattransfer area and the decele- (12a)

P

pump —

These two quantities are selected as the



Similarly, a power function was selected to
approximate the pumping power response,
considering the decaying trend that it exhibits:

PoumpWen Wi, ) = by -WE2 - W,,> (12b)
Referring to the VW microchannels,

single-variable surrogate functions are used, as
the ratio of the fin thickness to the initial
channel width is kept constant to 0.2. Hence,
the surrogate functions reduce to the forms:

R (Wch,init ): Fo + MWonjni (13a)
F)punp(Wch,init ) = Cch(f:iinit (13b)
4.3 Multi-objective optimization using

genetic algorithms

The heat sink optimization constitutes a
multiobjective optimization problem, which
can be mathematically formulated as follows:

min f(X)=[ £ (%), f,(X),....f, (X)]
subjectto g(X)<0 and h(X)=0

(14)

whereX is the vector that contains the design
variables an (%), g(%),h(X)are the vector

functions that contain the objective, equality
and inequality constraints functions
respectively. The multiobjective optimization
process converges to a set of non-dominated
solutions, called the Pareto front (Deb, 2001).
In order to locate the Pareto front, the
genetic algorithm was used, which is a method
that uses the rules of biological evolution to
solve optimization problems. The algorithm
commences by creating a random initial
population of design variable vectors, or
individuals The individuals are assigned a
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produce. At each step of the algorithm, a new
population, or generation, is created by the
members of the current population in a
semi-stochastic way, in order for the
individual with the best fithess score to prevail
after a successive number of generations
(Mathworks, 2004). An individual A X) is
characterized as a non-dominated solution
when there is no other individual B, which
achieves a better fitness for a single objective
( f.(X) ) without deteriorating the other

objectives (Hilbert et al., 2006; Ndao et al.,
2009).

5. Optimization Results

5.1 Validation

The results of the thermal resistance model
for the heat transfer and the pressure drop
correlations were compared against the
experimental values published by Tuckerman
and Pease, who investigated the performance
of a silicon k=148 W/mK microchannel heat
sink of total dimensions (1 cm) x (1 cm),
cooled by water with an initial temperature of
296 K. According to Table 1, the experimental
values agree well with the analytically
predicted ones. The small discrepancy in the
pressure drop values is due to the fact that the
analytical model does not account for the
pressure loss of the coolant in the inlet-outlet
manifold that was used during the experiments,
as reported by Tuckerman and Pease (1981)

5.2 Optimal solutions

The design variables for the optimization of
the present FW and VWu heat sink
configurations were allowed to vary within the
following ranges:

100um<W,, <50Qum

fitness score according to the value of the 10um <W,, <500um (15)
fitness function (objective function) that they 100Qum <W,, . <500Qum
Table 2
Validation of the analytical model.
R (CC/W) Ap (Pa)
Wep (um) W, (um) H@m) q (Wicnf) Vtot (mL/s) Experimental 1-D model Experimental 1-D model
56 44 320 181 4.7 0.110 0.110 103421 92620
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whereWen,initrefers to the channel width of the Table2 _
initial section of a three-section Vi\heat sink ~ Coefficients of the surrogate functions.
that was selected for the optimization process. FWp VWp

The channel height is chosen to be six times Poo 0.008018 g 1.66E+05 ¢ 0.1711
the channel width in the FMheat sink and P10 2.033 p. 2.28E+06 1 0.008
two times the initial channel width in the W Por  0.7274 p, 5.79E+06 ¢ 4.00E-09
heat sink. The responses of the 1-D models pxo 1567 ps 3.84E+06 §  -2.9822
showed clearly the conflicting nature of the py; -3758 h  1.47E-10
two objective functions as an increase in the pg, 2819 b -3.484
thermal resistance leads to a decrease of the bs 0.675

pumping power required. Fig.4 illustrates the

variation of the objective functions for the sink is shifted towards channels with small
FWu heat sink. The three-section \Wheat  hydraulic diameter and thin walls resulting in a
sink exhibits the same behavior, but in the two configuration with low thermal resistance and
dimensional space, as the fin width is high pressure drop.

considered a constraint. Subsequently, A similar pattern, regarding the channel
appropriate fitting functions were constructed width, is also followed by the optimal
in order to surrogate the analytical values. The solutions of the VW heat sink. As depicted in
surrogates for the objective functions of both Fig. 5b, the utilization of microchannels only
heat sink configurations use the coefficients in the last part of the heat sink reduces the
illustrated inTable 2. The quality of the fitting  pressure drop and furthermore, it does not
is confirmed by th Rjdj value, which is above deteriorate the total thermal performance of
0.99 for all the surrogate functions. the heat sink, due to the high microchannel

The multiobjective optimization problem 2aSPect ratio AR=20) in the part of the heat

was solved using Matlab’s multiobjective SNk where the cooling fluid has a high
genetic algorithm. An initial population of 200 t€mperature.

individuals evolved for 500 generations, with a

crossover probability of 0.8 and a migration 6. 3-D Flow and Heat Transfer Model
probability of 0.2, until a final set of optimal

solutions was reached. The Pareto front of non In @ second stage of this work, the optimal
inferior solutions for the two heat sink geometrical parameters of the RWeat sink
configurations is illustrated in Fig. 5. The vast were used in order to develop a three
majority of optimal solutions for the FM/neat dimensional numericamodel. The model was

Fin [ W]

3

3

Wi, [m]

1 W [m] W [ml

Fig. 4 Response surfaces (a) for the thermal resistareémaror the pressure drop of the k\Weat sink.
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Ppump [W]
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ag
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Fig. 5 Pareto front of non dominated solutions (a) for
the FWu heat sink and (b) for the VMheat sink.

constructed under the assumptions of steady
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condition is applied on both the outer vertical
planes of the domain. At the inlet, a uniform
velocity profile u=u; is imposed, whereas an
average static pressure of zero is set at the
outlet. A no-slip boundary condition is
imposed along the internal channel surfaces.
All the outer surfaces, apart from the bottom
side where a uniform heat flux is applied, are
treated as adiabatic in the solution of the
energy equation. Continuity of both
temperature and heat flux is specified at the
solid-fluid interface. The solid material is
aluminum with thermal conductivitks=237
W/mKand the cooling fluid is water with inlet
temperatureTi=298K and constant thermo-
physical properties at a reference temperature
of 300K ks/ki=409). The governing equations
along with the boundary conditions are solved
on a structured grid, which consists of 902250
elements, using the commercial finite volume
solver ANSYS CFX.

6.3 Numerical solution

None of the solutions that constitute the Pareto
front is inferior to the others from the thermal
and hydrodynamic performance point of view.
Therefore, the final design point is chosen by
considering additional aspects that concern the

state, incompressible, single phase and laminar€ntire CPVT system, such as the total

flow. The latter assumption is reasonable
considering that for the selected volumetric
flow rate and geometrical parameters, the
Reynolds number doesn’t exceed the value of
320. Moreover, the thermophysical properties
of both the fluid and the solid are constant.
Based on these assumptions, the governing
eqguations of flow and energy become:

(continuity)

V- (p\7)= 0
(momentum\7 . V(p\7) =-Vp+ V(uVV)+ Apg

(energy fluid) V - V{pc,T)=V(k,VT) (16)

(energy solid) V(kSVTS) =0

The computational domain is half of the
microchannel width and half of the fin
thickness, as depicted in Fig. 6, whereas the
top lid is not included in the domain (Toh,
2002; Liu, 2005). A symmetry boundary

efficiency and the total cost of manufacturing.
A FWu heat sink with a channel widW;,=
314um and a fin thickness oi, = 169um is

Wa/2
-

7

Hen
| Wch / 2

|
1
1
]
i
i
i
1

iE

Fig. 6 Computational domain for the 3-D model.
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Table 3
Comparison of the numerical values to the analytioes.
R, (°C/W) Ap (Pa)
Wen (um) W @m)  H@m) Q Wicrd) Viw (MLS)  Numerical  1-D model  Numerical  1-D model
314 169 1884 2.833 30.0 0.0090 0.0088 22809 21944

finally chosen as these geometric parameters
apart from being a solution of the Pareto front,
also correspond to very low parasitic (pumping)
power and are easier to construct in
comparison to the other optimal solutions due
to the higher fin thickness. The substrate
thicknesds is chosen to be 1.5mm.

The total volumetric flow rate branches to 124
parallel channels of the heat sink and the
Reynolds number that characterizes the flow
inside each microchannel is 245 (inlet velocity
of 0.409m/s). The computational domain is
truncated to a total length L=0.09m
approximately ten times the thermal entry
length defined as:

L, = L, RePrD, (17)

where L, = 0011 for a rectangular channel

with AR=6 (Shah and Bhatti, 1987). This
simplification is valid since the pressure
distribution and the bulk fluid and bottom wall
temperature distribution in the fully developed
region vary linearly along the flow direction
(Shah, 1978; Incropera, 1996).

The temperature contours on two cross-flow
planes near the inlet and the outlet of the
microchannel respectively, Fig. 7, illustrate
that the channel bottom wall reaches its
maximum temperature at the outlet, as
expected. The bulk fluid and bottom wall
temperature variation along the symmetry
plane of the channel, illustrated in Fig. 8a, as
derived from the 3-D model, exhibit clearly
the linear trend in the fully developed region.
Thus, it is justifiable to extrapolate the
numerical values to a length of 0.5 m. The
numerical values of the thermal resistance and
the pressure drop were compared against the
theoretically predicted ones and the results are
presentedin Table 3. A verygood agreement
is accomplished as the discrepancy in the
values for the thermal resistance is 2.22% and
for the pressure drop 3.79%espectively. Fig.

8b shows the variation of the local heat
transfer coefficient in the thermally developing
region, which exhibits a decaying trend
towards an asymptotic value and Figs 8c-d
depict the velocity and temperature
distributions across the channel height in two
positions along the flow direction. It is evident
that the flow inside microchannels lays almost
entirely in the fully developed region as both
the fluid velocity and temperature rapidly
obtain the corresponding profiles. It can be
seen from Fig. 8c that the flow does not
exhibit a parabolic but rather a characteristic
flat velocity profile in the Y direction, which is
in agreement with the theoretical profile. The
velocity obtains instead the parabolic profile
typical of fully-developed flow in the
horizontal (XZ) plane of the microchannel.
Referring to Fig. 8d, the development of the
temperature profiles along the channel may be
observed,with a clearly discernible linear part

b

Temperature [l
XY plane 1

B 5.000e402

2.998e+02
- 2.997e+02 ‘
" 2.996€+02
- 2.99%4e+02
© 2.993e+02
- 2.991e+02 \ ‘
"~ 2.990e+02

- 2.9886+02
© 2.987e+02
© 2.986+02
- 2.984€+02

2.983e+02 l‘"l
298te+02 | I\

2.980e+02

a

e

Fig. 7 Temperature contours on two planes, transversal
to the flow: (a) Z=0.002m and (b) Z=0.088m.
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Fig. 8 Results on the central symmetry plane along thw flcection as obtained from the 3-D madgl) bottornr
wall and bulk fluid temperaturdistributions, (b) local heat transfer coefficiémthe developing region, (c) veloci

profiles and (d) temperature profiles.

at the bottom, corresponding to the solid

substrate. The increase in the fluid temperature microchannels  significantly improves

in the vicinity of the top wall is due to the
higher lateral heat flux in this region in
connection with the reduced mass flux
(reduced axial flow velocities) in the upper
part of the microchannel.

7. Conclusions

In the present study, a multiobjective
methodology was applied in order to optimize

geometrical parameters of a microchannel heat

sink suitable for a linear CPVT system. The
optimized heat sink configurations exhibit
enhanced thermal performance, while the

introduction of stepwise variable-width
the
hydrodynamic performance as  well.

Furthermore, by comparing the analytically

predicted values to the 3-D numerical results,
it has been proven that the 1-D analysis can
fairly accurately represent the flow and

conjugate heat transfer inside a microchannel,
being therefore suitable for optimization

procedure purposes.

Nomenclature

a wall thickness to channel width ratio,
dimensionless

A arean’



AR aspect ratiodimensionless
Co specific heatJ/kgK
L 2N, H
D hydraulic diamet¢D, = ——"—"
(Wch + H ch)

m
Fanning friction factorlimensionless
H height,m

—

o Nu-k;
h heat transfer coefficienh = 5
h
W/ntK
k thermal conductivityV/mK
L length,m
N numberdimensionless
Nu Nusselt numbedimensionless
p pressurePa
Poump  pumping power\V
Pr Prandtl's numberlimensionless
Q thermal powerwv
q heat flux W/nf
R thermal resistancd/W
Re Reynolds numbedimensionless
T temperaturek
u flow velocity, m/s
Y, volumetric flow ratem®/s

W width, m

Greek symbols

u dynamic viscosityPa-s
v kinematic viscositym’/s
p density,kg/n?
Subscript

c contraction

cal caloric

conv convective
cond conductive

ch channel

cs Cross section
d developing

e exit

f fluid

fd fully developed
hs heat sink

i inlet

init initial

S solid, section
th thermal

tot total

w wall
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