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 A novel application of a SMP material is investigated for the thermal management of a heat sink.
 Numerical simulations to ﬁnd the matching of the heat sink and material system after regulation were carried out.
 The investigated system is able to control the heat sink temperature.
 Further analysis for system stability are required.
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In this paper, a novel application of a thermo-responsive shape memory polymer (SMP) is proposed to
smart-control the forced ﬂow of water in a multi mini-channel heat sink. In particular, it is reported that
millimeter-sized cylinders made of SMP could be used to smartly obstruct the ﬂuid ﬂow by adapting the
ﬂow cross section to the heat load to be removed. By integrating the sensing, the control and the
actuation functions within a unique, millimeter-sized device, these micro-valves, unlike the traditional
actuators normally used for ﬂow control, could be easily embedded into small heat sinks, with signiﬁcant
space and energy saving, useful, in particular, in systems where several miniaturized components have to
be cooled concurrently, such as the modern mainframes or the concentrated photovoltaic solar cells.
Two possible conﬁgurations for the SMP were considered in this study: an “open” conﬁguration,
without any obstruction of the water ﬂow free and an “obstructed” conﬁguration, with the millimetersized cylinder partially occupying the mini-channel. A numerical, steady state analysis was carried out
with water in single-phase forced convection, to determine the effect of these two states on the internal
ﬂuid ﬂow characteristics under different conditions of heat ﬂux and pressure drop and to evaluate the
overall thermal behavior of the smart-controlled multiple mini-channel heat sink in terms of ability to
control the temperature of the system and to reduce the energy consumption.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Thermal management of systems is a multi-objective engineering optimization problem, involving several design aspects of
heat transfer (ﬂuid circuitry, shape and size of the heat exchanger,
material) and control (strategies and techniques, measurement
devices, actuators). Each of these aspects can be more relevant than
others depending on the speciﬁc ﬁeld of application.
In the last decade, two important applications involved the
design of compact heat exchangers: high computing power
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datacenters and concentrated photovoltaic systems. In these applications, it is know that ﬂuxes as high as 400 MW/m2 could be
reached and that the passive cooling systems with natural air or
forced air systems have reached their physical limits and are not
cost effective [1].
Solutions with high thermal capacity ﬂuids (single-phase forced
water or two-phase ﬂows) have been introduced, mainly focusing
on heat transfer and pressure drops characteristics, in different
ﬂuid circuitry [2e13].
Actually, emerging miniaturized systems for heat sinks require
complex architectures in which several concurrent ﬂows occur,
while a unique cooling system is available. Even if the use of twophase ﬂow is the best solution for stable temperature control in
highly variable heat load systems, pressure drops, ﬂow instabilities
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and environmental impact of the refrigerants have to be taken into
account, while water represents an environmental safe option (in
single-phase forced convection).
Concerning the control of the system, the distribution of the
coolant through concurrent pipelines by valves, temperature sensors and controllers for each ﬂow line is not a reliable option in
complex and miniaturized geometries, where space saving is of
primary importance and, therefore, new compact options have to
be considered.
Recently, integrated micro-valves, automatic valves and pumps
with multi-purpose functionalities are emerging for the efﬁcient
control of ﬂuids, in both ﬂuidic and microﬂuidic. Micro-valves, in
particular, are miniaturized devices able to close or open a ﬂuid ﬂux
within a miniaturized ﬂuid circuit, for example in ink-jet printers
and fuel injection, biotechnology, heat management and display
technologies. A review on mechanisms and applications has been
provided by Kwang and Ahn [14], which categorized micro-valves as
active, using mechanical and non-mechanical moving parts, and
passive. The non-mechanical, active ones are of particular interest in
terms of simplicity of device structure, low energy consumption and
possibility to integrate sensing, controlling and the actuating functions. Micro-valves, then, with these integrated functions, may be
referred to, more generally, as “microﬂuidic ﬂow controllers”, with
the relevant “smart” feature, allowing for a smart-control of ﬂuids,
paving the way to new devices and potential applications [15,16].
Typically, microﬂuidic ﬂow controllers are achieved via a creative use of some special types of polymers, which, due to physical
and/or chemical features, have stimuli-responsive or smart abilities
to respond to slight changes in the surrounding environment (in
terms of temperature, solvent composition, pH, salinity, electric
ﬁelds, speciﬁc antigens, and light, to list a few) with a volume,
shape, or surface characteristic change. In particular, the polymers
adapting their shape to the environment are addressed to as Shape
Memory Polymers (SMPs), which may be considered as dual-shape
materials that can switch from a temporary shape to a permanent

shape. The temporary shape is, e.g., obtained by mechanical
deformation and subsequent ﬁxation of that deformation, which is
then lost, in favor of the permanent shape, after a proper stimulus is
given to the material. From the pioneering work from Kuhn et al. on
muscle-like working polymer network [17], a number of papers
dealt with the use of polymers that respond to external stimuli.
Reviews on the use of smart polymers as micro-valves have been
presented by Moorthy and Beebe [18] and Roy and Gupta [19],
while a materials point of view, with the description of possible
physical forms of polymers capable of showing smart characteristics, has been provided by Kumar et al. [20].
This work proposes the use of a smart and embedded ﬂow
regulation system based on SMPs where the stimulus for the
actuation (shape change of the SMP) is provided by an increase of
temperature of the ﬂowing water, through each and every channel
of the heat sink, induced by an increase of heat load to be dissipated
at a ﬁxed mass ﬂow rate. The shape change of the SMP, which occurs across the so-called “switch temperature”, programmed a
priori, could be exploited to obtain an increase of the coolant ﬂow
passage, by a decrease of the head loss, independently and automatically for each and every channel, depending on the ﬂuid
temperature and, in turn, on the heat load to be removed from the
part of the device adjacent to that channel.
To better describe the principle of operation, it is possible to
refer to the scheme reported in Fig. 1, where a typical single channel
is depicted. At the exit of each channel, a layer of a SMP is deposited
such to form a plate. At ambient temperature the plate has a projection (temporary shape), which penetrates the channel and reduces the ﬂow passage in the position where the ﬂuid temperature
reaches its maximum (Fig. 1(a)). In the case of a local, large increase
of the heat load, at constant mass ﬂow rate, the coolant temperature increases, eventually exceeding the switch temperature of the
polymer, thereby inducing the contraction of the polymer projection (Fig. 1(b) and (c)). The corresponding decrease of the head loss
results in a rapid increase of the coolant ﬂow rate and of the

Fig. 1. Actuation of projection into the channel due to the change of the applied heat load.
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removed heat and, in turn, in a decrease of the temperature of the
device. Eventually, when the heat load decreases, the ﬂuid temperature drops below the switch temperature of the polymer, and
the SMP returns to its temporary shape.
The aim of this study is to numerically verify this concept to a
multi mini-channel geometry. The internal ﬂuid ﬂow characteristics of the system in both the free and the partially-obstructed
conﬁguration was evaluated by means of numerical, steady state
simulations with forced water under varied conditions in terms of
heat ﬂux and pressure drop. Furthermore, the system (heat sink
and SMP) was coupled to a pumping system to evaluate its behavior
in terms of ability to control the temperature of the system and,
eventually, reduce the energy consumption.
2. Description of the computational domain and the
mathematic model
In this section, the geometry of the water cooled multi mini
channel sink and of the shape memory polymer plate (in the ﬂat
and “with protrusion” conﬁgurations), and the thermo-physical
properties of the materials are described, together with the main
governing equations of the model and the boundary conditions.
2.1. Description of the geometry and the thermo-physical
properties: heat sink and SMP plate
Fig. 2(a) shows a 3D view of the multi mini-channel heat sink
considered in this study. It is made of aluminum, with a thermal
conductivity (kAl) equal to 204 W/mK, and is composed of seven
(Nch) channels, each 3 mm in height (Hch) and 2 mm wide (Wch),
with a 1.85 mm wall thickness (Wf). The mini-channels are 35 mm
long in the ﬂow direction (Lch). The distance between the channels
base and the heat sink base is 4.5 mm (t). Two plenums are
disposed symmetrically at the entrance and at the exit of the
channels. On the rear face of the heat sink, a square housing is
designed to guide the positioning of the device to be cooled. This
housing deﬁnes the heat transfer area (Ab) equal to 6.50 cm2. Fig. 3
shows the technical drawing of the heat sink.
The “smart” part of the device is a SMP, ﬂat plate (permanent
shape) where, by compression molding, a temporary shape is
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produced having on one side seven (Nch) cylindrical projection
which, when mounted in the heat sink, partially obstruct the end
of each channel, as shown in Fig. 2(b). The projections are
2.00 mm wide (Wp), 2.00 mm long (Lp) in the ﬂow direction and
2.30 mm high (Hp), returning a 77% (Hp/Hch) reduction of the
cross sectional area of the channels. In this exempliﬁcative study,
the polymer belongs to the class of Shape Memory Polyurethanes
(SMPU) [15,16], a novel class of functional materials, which has
been extensively studied since their discovery in 1988 and
attracting a great deal of attention due to their unique properties
such as the wide range of shape recovery temperatures (from
30e70  C), high shape recoverability and good processability. In
comparison to metallic shape-memory alloys, the cycle of programming and recovery can take place in a much shorter time
interval and polymers allow for a much higher deformation rate
between shapes. This polymer is a linear or a lightly cross-linked
copolymer, in which one segment may act as a switching
segment and switching occurs at the glass transition temperature
or at the melting temperature of that segment [17]. In effect,
SMPUs allow for a ﬁne tuning of the switch temperature to the
speciﬁc application, by simply selecting the proper polymer
segment within the copolymer.
2.2. Governing equations of the ﬂow
The commercial CFD code Fluent was used to carry out the
numerical simulations. The RNG K-model was considered for this
purpose.
The set of governing equations used, for the steady state,
neglecting the buoyancy, are listed below:
Continuity equation:

v
ðrhui iÞ ¼ 0
vxi

(1)

Momentum equation:

"
 !#
 vhui i
vhpi
v
vhui i v uj
r uj
ðm þ mt Þ
¼ 
þ
þ
vxi
vxj
vxj
vxj
vxi

Fig. 2. 3D views: multi mini cannel heat sink (a), SMP plate (b).

(2)
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Fig. 3. Technical drawing of the multi mini channel heat sink (units: mm).

Energy equation:

  vhTi
v
¼
vxj
vxj

r uj cp

"

#
vhTi
ðk þ kt Þ
vxj

(3)

Turbulent kinetic energy (K) equation:



v
v mt vK
þ Pk  r3
ðrhui iKÞ ¼
vxi
vxi sK vxi

(4)

(5)

where mt is the eddy viscosity (in Eqs. (2), (4) and (5)) while kt is the
eddy thermal conductivity (in Eq. (3)) and can be calculated as
follows:

mt ¼ Cm r

K2
3

(6)

and

kt ¼

cp mt

st



C1 ¼ C0 

Turbulent kinetic energy dissipation (3 ) equation:



2
v
v mt v3
3
3
þ C1 Pk  C2 r
ðrhui i3 Þ ¼
vxi
vxi s3 vxi
K
K

where Cm is a constant equal to 0.085, r is the water density, cp is the
water speciﬁc heat and st is the turbulent Prandtl number set equal
to 1.0. Furthermore, the constants sK and s3 , respectively, in Eqs. (4)
and (5) are both equal to 0.7179, the constant C2 in Eq. (5) is equal to
1.68, whereas the term Pk in Eqs. (4) and (5) represents the production of turbulent kinetic energy.
Unlike the standard Ke3 model, in the RNG model the parameter
C1 is dependent on K and 3 as follows:

(7)

h 1  hh0



1 þ bh3

(8)

where h is deﬁned as:

h¼

K
3

sﬃﬃﬃﬃﬃ
Pk

mt

(9)

Finally, the non-dimensional constants h0, C0 and b are equal,
respectively, to 4.38, 1.42 and 0.015.
Pressure boundary conditions were applied at the inlet and
outlet of the heat sink and constant heat ﬂux boundary condition
was applied at the base of the heat sink. The water inlet temperature was kept constant. The remaining surfaces were set adiabatic.
The numerical computation was carried out with a ﬁnite volumes approach, by using the implicit method and the segregated
solver. The simulations were stopped when the square root of the
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Table 1
Test conditions.
Geometric conﬁgurations
r
Boundary conditions
Tin
Dp
qb

0; 0.77

C
Pa
W/cm2

27
125; 500; 1000; 2000
25; 50; 75; 100

sum of the squares of the individual outgoing residuals over all the
computational nodes satisﬁed the criterion of 106 for the velocity
components and 108 for the temperature and the pressure.
3. Results and discussion

Fig. 4. Comparison of the Fanning factor, f, vs. the Reynolds number, Re, based on
numerical results, experiments and prediction methods.

Table 1 reports the conditions for the numerical tests conducted
in this study. In details, the simulations were carried out by
changing the reduction ratio r ¼ Hp/Hch. At Hch equal to 2.3 mm,
r ¼ 0.77 (the cross sectional area is reduced near the exit by 77%),
this value corresponding to the heat sink conﬁguration with the
SMP in its temporary shape (before actuation). At r ¼ 0, the channels have no projections; this value corresponds to heat sink after
the actuation of the SMP (permanent shape). Each geometry was
tested at different base heat ﬂux, qb, from 0 to 100 W/cm2 and the
water pressure drop between the inlet and the outlet, Dp, from 125
to 2000 Pa. For each test, the inlet water temperature, Tin, was set
equal to 27  C. The imposed base heat ﬂux, the pressure at inlet and
the outlet and the water inlet temperature are part of the boundary
conditions introduced in the Section 2.2.
3.1. Preliminary tests
Before carrying out the numerical campaign, the grid dependence of the solution was assessed. Each grid is formed by tetrahedral elements at variable density, in order to take into account
the geometric curvatures and the ﬂuid gradients. Several sizes of
the grids were considered for this analysis. Table 2 reports the results for the three tested grids with a different number of cells,
namely, 105, 4  105, 5  105 cells, to show the variations in results
depending on the grid size, for the heat sink having no projections
(r ¼ 0). In particular, the water outlet temperature, Tout, the water
mass ﬂow rate, m, and the mean base temperature of the heat sink,
Tb,m, are reported at constant heat ﬂux and water pressure drop.
The mean base temperature is computed at the heat transfer area,
Ab. It is worth noting that, for this study, the aforementioned parameters are the main parameters suitable to drive conclusions
about the general performance of the system and to evaluate the
effects of the introduction of a SMP in the multi mini-channel heat
sink. It can be noted, furthermore, that the grid with the 4  105
elements provides a satisfactory solution due to the negligible
variation of the aforementioned quantities with respect to the
5  105 cells grid.
Table 2
Grid independence test.
r¼0
Tin ¼ 27  C
Dp ¼ 2000 Pa
qb ¼ 25 W/cm2
Number of cells
m
Dm
Tout
DTout
Tb,m
DTb,m

(g/s)
(%)
( C)
(%)
( C)
(%)

G3

G2

G1

5  105
19.28
e
29.09
e
34.09
e

4  105
19.30
0.10
29.10
0.03
33.75
1.00

1  105
19.76
2.49
29.05
0.14
33.3
2.32

In fact, as it may be expected, the selection of ﬁner grid elements
allows for a complete relaxation of the residuals in pressure and
velocity distributions. However, minor effects on the quantities
relevant to this study were observed and the value of 4  105 for the
number of grid elements was selected for the following tests.
As a second step, the effect of temperature on the water viscosity
was estimated. For this purpose, several simulations were made by
allowing the water dynamic viscosity to change as function of
temperature. The resulting variation of the mass ﬂow rate was
within 2% with respect to the case with constant viscosity, which has
been considered negligible for our purposes. In the following, water
dynamic viscosity was kept constant. Water properties used were:
density (r) 998.2 kg/m3; speciﬁc heat (cp) 4182 J/kg K; thermal
conductivity (k) 0.610 W/mK and dynamic viscosity (m) 1.003 mPa s.
The pressure at the inlet was supposed large enough to guarantee
that the water is in liquid phase all along the channel.
3.2. Comparison of numerical results with experiments and
correlations
To have a veriﬁcation of the numerical results, an experimental
campaign was conducted, by using the test facility and of the data
reduction procedure reported in Ref. [13]. Here, we adapted the test
section and ran the experiment in adiabatic conditions in singlephase ﬂow with a refrigerant (R134a). In particular for laminar
ﬂows the Fanning factor, f, is considered as a function of the Reynolds number, Re. In this case the Poiseuille number (Fanning factor
multiplied by Reynolds) is a constant, depending only on the aspect
ratio according to Eq. (5) reported in Ref. [21]; while for turbulent
ﬂows the Blasius equation was used (also available in Eq. (6) reported in Ref. [21]), where f is inversely proportional to the Re.
Fig. 4 shows the results of the comparison among the theoretical,
numerical and the experimental results. In particular, it is possible to
observe that the numerical results of the model stand in a range of
Reynolds numbers across the transition from laminar to turbulent
ﬂows (the transition number estimated is around 2200 for this geometry; some speculation about that is available in Morini [22]). The
numerical results lie between the equations for laminar and turbulent ﬂows as expected. Moreover, to verify the validity of the
Blasius equation for the experimental set-up, the experiments with
R134a in single-phase are used, with a very good agreement.
About the energy equation this comparison is not presented: in
fact, once mass ﬂow rate input was checked for the ﬁxed boundary
conditions according to the previous analysis, this comparison
should be an identity, since the model for the thermo-physical
properties calculations is the same both for the experimental data
reduction and for the numerical simulations. In this case the
agreement among the results is more related to the validity of the
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adiabatic assumption for the experiments than to the validation of
the model itself. It is worth noting that this conclusion is correct,
since the energy equation is independent on the continuity and
momentum equation being the variation of the thermo-physical
properties with temperature neglected.

3.3. Velocity, pressure and temperature distributions: the effect of
the actuation
In this section, the velocity, the pressure and the temperature
distributions are reported to give a more comprehensive understanding of the effects of the SMP actuations and, in particular, to
show the effect of the boundary conditions on the temperature
distribution of the rear face of the heat sink and the water velocity
distribution. To this purpose, the geometrical conﬁgurations “with”
and “without” the projections were considered (r ¼ 0.77 and r ¼ 0,
respectively).
The water velocity distribution is computed on a plane parallel
to the base of the heat sink at halfway of the channels. Since this
plane intercepts the projections, the water velocity is zero in those
zones, in the case r ¼ 0.77. Fig. 5(a) shows, for the case r ¼ 0.77, the
increase of the water velocity when the water pressure drop is
increased from 125 to 2000 Pa. Fig. 5(b) reports the temperature
distribution in the same plane at constant base heat ﬂux when the
water pressure drop is increased from 125 to 2000 Pa. As expected,
due to the better heat transfer, the temperature of the solid decreases with the increase of the water velocity. In the ﬁgure it is also

shown the position of the heat exchanging channels, to evidence
the shift toward the outlet of the hottest zone, consistently with the
water ﬂow direction.
Fig. 6 shows, in the same conﬁguration (r ¼ 0.77), the effect of
the base heat ﬂux on the temperature distribution on a plane
parallel to the base of the heat sink at halfway of the channels. As it
can be observed, at a pressure drop of 125 Pa, the temperature
increases signiﬁcantly when the base heat ﬂux is increased from 25
to 100 W/cm2.
Fig. 7 depicts the effect of the SMP actuation. After the actuation
of the SMP (r ¼ 0), as expected, the water velocity increased at ﬁxed
pressure drop, as clearly shown in Fig. 7(a) reporting a direct
comparison of the two conﬁgurations, at pressure drop of 500 Pa.
Of course, this effect is due to the removal of the projections, which
impose, locally, a huge energy loss for the ﬂow stream.

3.4. Global performance evaluation: temperature controlling and
energy saving
After the validation of the model and the analysis of the effects
of the boundary conditions on the velocity and temperature distributions, a more comprehensive performance analysis of the SMP
integration as a control element is presented.
Table 3 shows the whole set of tested conditions and the numerical results. The simulations were carried out by taking into
account two main parameters for each geometrical conﬁguration:
the volumetric ﬂow rate V, to build the characteristic of the heat

Fig. 5. Effect of a water pressure drop variation from 125 to 2000 Pa: (a) water velocity distribution and (b) temperature distribution, on a plane parallel to the base of the heat sink
at halfway of the channels, for a constant base heat ﬂux equal to 100 kW/cm2 and r ¼ 0.77.
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Fig. 6. Effect of a base heat ﬂux variation from 25 to 100 kW/cm2 on the temperature distribution computed on a plane parallel to the base of the heat sink at halfway of the
channels, for a pressure drop equal to 125 Pa and r ¼ 0.77.

sink and the maximum base temperature Tb,max, computed on the
heat transfer area Ab, to evaluate the efﬁciency of the heat transfer.
Also, the mean temperature of the projections of the SMP plate, Tp,
was evaluated in order to estimate at which switch temperature
Tswitch, the SMP should to be “programmed” to undergo actuation.
As it can be noted, values of V at ﬁxed DP and r do not depend on
temperature, since, as commented in Section 3.1, the water viscosity is set constant.

Fig. 8 shows the internal characteristic of the heat sink before
and after the actuation of the SMP. At the same pressure drop, the
water ﬂowing through the heat sink before actuation (r ¼ 0.77)
resulted lower than the case corresponding to the heat sink after
the actuation (r ¼ 0). Moreover, this difference increased with the
increase of the pressure drop. To estimate the variation of the water
volumetric ﬂow rate corresponding to the actuation, it is necessary
to match the pump performance curve with the characteristic of

Fig. 7. Effect of the actuation of the SMP: (a) water velocity distribution and (b) solid temperature distribution, computed on a plane parallel to the base of the heat sink at halfway
of the channels, for a pressure drop equal to 500 Pa and a base heat ﬂux equal to 100 kW/cm2.
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Table 3
Numerical results.

Dp [Pa]
125

qb [W/cm2]
25
50
75
100

500

25
50
75
100

1000

25
50
75
100

2000

25
50
75
100

r [e]

V [l/h]

Tb,max [ C]

Tb,m [ C]

Tp [ C]

Tout [ C]

0.77
0
0.77
0
0.77
0
0.77
0

7.86
12.4
7.86
12.4
7.86
12.4
7.86
12.4

52.4
47.2
77.9
67.4
103
87.7
129
108

47.8
42.7
68.6
58.5
89.3
74.2
110
90.0

43.5
37.2
60.1
47.4
76.6
57.6
93.2
67.8

43.9
38.2
60.9
49.4
77.8
60.6
94.7
71.8

0.77
0
0.77
0
0.77
0
0.77
0

18.8
29.4
18.8
29.4
18.8
29.4
18.8
29.4

42.9
40.3
58.9
53.7
74.8
67.0
90.7
80.3

39.1
36.7
51.2
46.5
63.3
56.2
75.4
66.0

34.0
31.5
41.1
36.0
48.1
40.5
55.2
45.0

0.77
0
0.77
0
0.77
0
0.77
0

28.8
45.2
28.8
45.2
28.8
45.2
28.8
45.2

40.1
38.1
53.2
49.2
66.3
60.4
79.3
71.5

36.6
34.9
46.2
42.9
55.8
50.8
65.4
58.8

0.77
0
0.77
0
0.77
0
0.77
0

44.8
69.6
44.8
69.6
44.8
69.6
44.8
69.6

37.9
36.6
48.8
46.2
59.8
55.8
70.7
65.4

34.8
33.8
42.6
40.5
50.4
47.3
58.1
54.0

4b ¼ (Tb,max  Tin)/
qb [cm2K/W]

4p ¼ (Tp  Tin)/qb [cm2K/W]

2.18
3.43
2.18
3.43
2.18
3.43
2.18
3.43

1.02
0.81
1.02
0.81
1.02
0.81
1.02
0.81

0.66
0.41
0.66
0.41
0.66
0.41
0.66
0.41

34.5
31.9
42.0
36.7
49.5
41.6
57.0
46.5

5.22
8.16
5.22
8.16
5.22
8.16
5.22
8.16

0.64
0.53
0.64
0.53
0.64
0.53
0.64
0.53

0.28
0.18
0.28
0.18
0.28
0.18
0.28
0.18

31.6
30.0
36.2
33.0
40.9
36.1
45.5
39.2

31.9
30.2
36.9
33.4
41.8
36.6
46.8
39.8

8.00
12.5
8.00
12.5
8.00
12.5
8.00
12.5

0.52
0.44
0.52
0.44
0.52
0.44
0.52
0.44

0.18
0.12
0.18
0.12
0.18
0.12
0.18
0.12

30.0
29.0
32.9
31.0
35.9
33.1
38.9
35.1

30.2
29.1
33.4
31.2
36.6
33.3
39.8
35.4

12.4
19.3
12.4
19.3
12.4
19.3
12.4
19.3

0.44
0.38
0.44
0.38
0.44
0.38
0.44
0.38

0.12
0.081
0.12
0.081
0.12
0.081
0.12
0.081

the heat sink, as reported in the same Fig. 8, where it is proved that
V increases by more than 50% when r decreases from 0.77 to 0.
In order to assess the possible increase in the thermal performance after the actuation of the SMP a parameter was deﬁned as
follow:

4b ¼

Tb;max  Tin
qb

(10)

This term has the same dimensions of a thermal resistance per
unit of area (cm2K/W) and relates the maximum base temperature
to the thermal boundary conditions (temperature of the ﬂuid at the
inlet and base heat ﬂux).

m [g/s]

Assuming a 1-D variation of the ﬂuid temperature along the
channel, in a single-phase ﬂow it reaches the maximum temperature at the exit.
From the energy balance between the inlet and the outlet of the
multi mini channels system (in steady state conditions, neglecting
heat losses), it follows:

qb Ab ¼ rVcp ðTout  Tin Þ

(11)

At the same time, assuming steady state 1-D heat ﬂux along the
direction perpendicular to the base, the difference between the
maximum base temperature and the outlet water temperature, Tout,
can be written as the overall thermal resistance, R, which is the sum
of the conductive and the convective thermal resistances:

Tb;max  Tout
¼
qb

t
Ab


þ
kAl hm N
W
ch
ch þ 2hfin Hch Lch

!
(12)

where hﬁn is the ﬁn efﬁciency and hm is the area averaged
convective heat transfer coefﬁcient, that depends mainly on the
volumetric ﬂow rate.
By solving Eq. (11) respect to Tout and combining it with Eq. (12),
it is possible to re-arrange the deﬁnition as by Eq. (10):

4b ¼
¼
Fig. 8. Matching between the pump performance curve and the characteristic of the
heat sink before and after the actuation of the SMP.

Tb;max  Tin
qb
t
Ab
A


þ
þ b
r
kAl hm N
c
pV
ch Wch þ 2hfin Hch Lch

!
(13)
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Fig. 9. 4b and 4p vs. water volumetric ﬂow rate.

It can be noted that, at constant volumetric ﬂow rate, all of the
terms in the r.h.s. of Eq. (13) are constant, and, as a consequence, 4b
is also constant. This result is conﬁrmed by the numeric simulations
both at r ¼ 0.77 and at r ¼ 0, as shown in Table 3.
In the same way, it is possible to deﬁne a ratio of the difference
between the mean surface temperature of the projections and the
water inlet temperature over the base heat ﬂux, namely:

4p ¼

Tp  Tin Tout  Tin
Ab
y
¼
rcp V
qb
qb

(14)

which returns the difference between the averaged surface
temperature of the projections and the water inlet temperature
over the base heat ﬂux. It has the same dimensions of 4b and
relates the actuation temperature of the SMP to the thermal
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boundary conditions. It can be useful to represent the whole
process on the operating map depicted in Fig. 10, which groups
the three plots together: on the upper right corner (I) and on the
lower right corner (II) the plots of Figs. 8 and 9 are reported,
respectively; on the lower left corner (III), different isothermal
curves of the maximum base temperature (yellow line) and the
mean temperature of the projections (green line), computed,
respectively, as by Eqs. (12) and (13), are reported in a 4 vs. qb
coordinate system at a water inlet temperature of 27  C.
In a condition of low base heat ﬂux, the projection of the SMP
restricts the ﬂow passage (r ¼ 0.77) and the working condition is
represented by point A in Fig. 10 (corner (I)). The corresponding V
and 4b values are represented by point B (corner (II)). It is then
possible to know the heat ﬂux, point D in corner (III), corresponding
to a ﬁxed maximum working temperature at the base (rear) of the
heat sink equal to e.g. 75  C (point C). Correspondingly, the actual
working condition for 4b is (point E) and the temperature of the
projections is estimated by point F (48  C).
Actually, if the switch temperature during the design was set to,
for example, 48  C (point F) and the base heat ﬂux is less than
qC,D ¼ 75 kW/cm2, the projections close the passage of the ﬂuid
(r ¼ 0.77). When the base heat ﬂux overcomes qC,D at the same
volumetric ﬂow rate, the ﬂuid temperature increases, and the
temperature of the projection surface overcomes the switching
temperature, opening the ﬂow passage. Hence, the balancing point
between the pump and the internal characteristic of the channels
moves to point G in Fig. 10 (corner (I)). The system is able to work in
a new condition where the new heat ﬂux to reach at the same
maximum temperature at the base is point K in Fig. 10 (corner (III)),
corresponding to a value of 86 kW/cm2.
In this way, the system is able to control the temperature under
75  C with r ¼ 0.77 for an heat ﬂux up to 75 kW/cm2 or switching
between r ¼ 0 and r ¼ 0.77 for heat ﬂuxes between 75 and 86 kW/
cm2, with the self-regulation of the projections.
Finally, in order to estimate the energy saving which could be
obtained using this regulation system, the plots reported in Fig. 11

Fig. 10. Effect of the actuation of the SMP shown on the operating map at Tin ¼ 27  C: estimation of the switch temperature and the maximum base temperature variation.
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simulating a water cooled aluminum multi mini channel heat sink
covered by an SMP plate with projections that partially obstruct the
channels and reduce the cross sectional ﬂow passage. Two geometric conﬁgurations, which represent the heat sink before and
after the actuation of the SMP, were considered. The simulations
were run by changing the imposed base heat ﬂux and the water
pressure drop between the inlet and the outlet of the heat sink.
First numerical results showed the potential advantages in using
these materials to smartly regulate the coolant ﬂow in a multi
channel heat sink. At lower heat ﬂuxes, the lower water ﬂow rate
which circulates through the heat sink because of the smaller cross
sectional ﬂow passage, limits the pumping power; while, at higher
heat ﬂuxes than a critical value, the increase of the water ﬂow rate
due to the actuation of SMP projections, allows to reduce the base
temperature of the device to be cooled.
Since the simulations presented in this work were made under
steady state conditions, no result about the time-response of the
SMP plate during actuation is available. For this reason, a transient
analysis is necessary to understand the operation of the system
when periodic variations of the base heat ﬂux are encountered or to
explore unstable conditions.
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