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a b s t r a c t
The computational design of an actively-cooled 3D woven microvascular composite plate with sinusoidal
and straight microchannels is presented. The design objectives include minimizing the maximum temperature of the composite, the microchannel volume fraction, and the pressure drop needed to circulate
the coolant in the microchannels. We study the impact of a variety of parameters on the optimal design of
a microvascular composite plate subjected to a uniform heat ﬂux over its bottom surface. These parameters include the spacing, wavelength, and amplitude of the microchannels, the coolant type and ﬂow
rate, and the applied thermal loads. To facilitate the computational design process, a mesh-independent
Interface-enriched Generalized Finite Element Method (IGFEM) is employed to evaluate the temperature
ﬁeld in the actively-cooled composite. The IGFEM solver also includes the streamline upwind Petrov-Galekin stabilization scheme to eliminate the spurious oscillations in the temperature ﬁeld due to the convection-dominated heat transfer in the microchannels. This study reveals that the straight microchannels
are often the optimal conﬁguration. Design maps are presented to evaluate the required ﬂow rate as a
function of the applied thermal load and the plate dimensions.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Bio-inspired actively-cooled microvascular materials have
found a variety of engineering applications, including those in
biotechnology [1,2], chemical reactors [3], and micro-electromechanical systems (MEMS) [4–7]. Manufacturing techniques
such as the direct-writing assembly allow creating microchannels
with a wide rage of diameters and conﬁgurations in polymeric
materials [8–11]. Recently, embedding microchannels in 3D woven
composites has been made possible via the vaporization of sacriﬁcial components (VaSC) technique [12]. In this technique, some of
the ﬁber tows in the woven preform are replaced by catalystimpregnated polylactic acid (PLA) sacriﬁcial ﬁbers and inﬁltrated
with a low viscosity resin-like epoxy. After curing the sample,
the composite is heated to about 200 °C to form hollow microchannels by vaporizing and evacuating the sacriﬁcial ﬁbers. The conﬁguration of these embedded microchannels depends on the weave
architecture and placement of the sacriﬁcial ﬁbers, i.e., in the warp,
weft, or through-thickness directions. Fig. 1 illustrates a 3D woven
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glass ﬁber/ epoxy matrix microvascular composite specimen made
by the VaSC technique. In this case, some through-thickness (z)
ﬁbers are replaced by PLA ﬁbers during weaving and then removed
by VaSC to form sinusoidal-shaped microchannels. Similarly, incorporating the sacriﬁcial ﬁbers in the warp or weft directions leads to
straight microchannels.
Motivated by these recent advances in the manufacturing of
microvascular composites, we present hereafter a design study of
actively-cooled polymeric matrix composite (AC-PMC) plates. The
epoxy matrix with glass ﬁbers are used to create the 3D woven
composite preform. We examine the impact of both sinusoidalshape and straight embedded microchannels on the thermal response of the microvascular composite. The PMC plate is subjected
to a heat ﬂux that, in the absence of the active cooling, causes a
high temperature gradient in the thickness direction and a high
surface temperature, well beyond the maximum sustainable temperature of this material. Relevant novel applications include the
design of lightweight skin materials for hypersonic aircrafts, where
active cooling is needed to cope with high thermal loads caused by
aerodynamic heating. The objective of this work is to determine
the optimal conﬁguration of the embedded microchannels and develop required guidelines and charts that facilitate the design of
the AC-PMC plate used in hypersonic aircrafts.

154

S. Soghrati et al. / International Journal of Heat and Mass Transfer 65 (2013) 153–164

Fig. 1. Schematic and optical images of (a) sacriﬁcial PLA ﬁbers (shown in pink) embedded in a 3D woven glass/epoxy composite specimen and (b) hollow microchannels
formed after evacuating the ﬁbers, ﬁlled with a yellow ﬂuid. (Adapted from [12]).

Actively-cooled materials with embedded networks of microchannels have been used for other high heat ﬂux applications
[13–15]. Due to manufacturing constraints, straight microchannels
with or without branching are often employed for active cooling, as
this conﬁguration yields a high heat transfer efﬁciency even in the
laminar regime [16]. Some studies have shown that introducing
waviness in the microchannels leads to a better heat transfer
performance at higher Reynolds numbers [17]. The impact of other
geometric features on the thermal efﬁciency of the system, including the number, spacing, and cross-sectional porosity of microchannels and the arrangement of inlets and outlets, are also
widely investigated [18–21]. In addition to their heat transfer performance, embedded networks are characterized by the inherent
cost associated with the pressure drop needed to circulate the
coolant through the microchannels [22,23]. Various techniques
such as parametric studies and evolutionary algorithms are also
used to determine the optimal conﬁguration of microchannel heat
sinks based on these parameters [24–26].
In the current study, which relies on a parametric design approach, the optimal conﬁguration of the microchannels is determined such that it minimizes (i) the maximum temperature of
the plate, (ii) the microchannel volume fraction, and (iii) the pressure head required to circulate the coolant in the microchannels. In
addition to the microchannels conﬁguration, we study the impact
of a variety of other design parameters on the thermal response
of the system, including the dimensions of the plate, microchannels spacing, applied thermal loads, boundary conditions (BCs),
and the type and ﬂow rate of the coolant. The greatest challenge
in evaluating the thermal response of the AC-PMC plate with the
standard Finite Element Method (FEM) is the need to create
meshes that conform to the microchannels geometry. This becomes especially cumbersome in the design process, where one
needs to create a new virtual model of the microvasculature for
multiple microchannels conﬁgurations and domain dimensions.
In this work, an Interface-enriched Generalized Finite Element
Method (IGFEM) recently introduced by Soghrati et al. [27,28] is
adopted to compute the temperature ﬁeld. The IGFEM simpliﬁes
the design process as it uses ﬁnite element meshes that are independent of the problem morphology without affecting the accuracy of the solution. More details regarding the IGFEM thermal
solver and its validation based on experiments conducted on an actively-cooled microvascular ﬁn with sinusoidal microchannels can
be found in [29].
It has been long shown that the Galerkin FEM (including the
IGFEM) applied to convection-dominated ﬂow problems suffers
from spurious oscillations [30]. To address this issue, several stabilization methods including the Streamline Upwind Petrov–Galerkin
(SUPG) [31,32], the Galerkin Least-Squares (GLS) [33,34], the variational multiscale (VMS) [35], and the residual-free bubble functions [36,37] methods have been proposed. In this work, the
SUPG technique is adopted to stabilize the IGFEM and reduce the

spurious oscillations in the temperature ﬁeld. It should be noted
that, for steady convective heat transfer problems, all the aforementioned schemes add a similar stabilization term to the discretized form of the governing equations [38]. For a review of different
stabilization techniques and their applications in other ﬂow problems, please refer to [39–41].
The remainder of this manuscript is structured as follows: Section 2 introduces the geometry and BCs of the AC-PMC plate of
interest together with the associated design parameters studied
in this work. In Section 3, we present the governing equations for
the convective heat transfer in actively-cooled microvascular
materials and introduce the corresponding SUPG-stabilized IGFEM
approximation. Finally, the impact of varied design parameters on
the optimal microchannels conﬁguration and the cooling efﬁciency
of the PMC plate is investigated in Sections 4 and 5.
2. Problem description and design objectives
The schematic of the 3D woven glass ﬁber/epoxy matrix composite plate studied in this work is illustrated in Fig. 2. Fig. 3 shows
the microvascular domain, where the parallel embedded sinusoidal microchannels (deﬁned by the amplitude A and wavelength
k) have a diameter of D = 500 lm. The minimum distance between
the microchannels centerline and the bottom surface of the plate is
chosen to be 500 lm. The coolant enters the microchannels with a
ﬂow rate of Q and an entrance temperature of Tin = 20 °C. Unless
indicated otherwise, the coolant is water with the thermal conductivity, density, and speciﬁc heat of jf = 0.6 W/m K, qf = 1000 kg/m3,
and cp = 4182.5 J/kg K, respectively. The temperature dependence
of the dynamic viscosity of water lf is approximated using the Seeton relation [42],
247:8

lf ðT f Þ ¼ 2:414  10T f 140 ;

ð1Þ

where Tf is the ﬂuid temperature in degree Kelvin.
The microvascular PMC plate shown schematically in Fig. 3(a)
has a thickness of H = 6 mm, while its length L and width W are

Fig. 2. Schematic of the microstructure of a unit cell of the 3D woven ﬁber structure
of the PMC of interest. The warp (x), weft (y), and through-thickness (z) ﬁber tows
are S2 glass and the matrix of the composite is epoxy.
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Fig. 3. (a) Schematic of the AC-PMC plate with parallel sinusoidal microchannels. (b) Reduced computational domain adopted by modeling a single embedded microchannel
with periodic BC along the surfaces parallel to the microchannel centerline plane.

considered hereafter as design parameters. The boundary conditions consist of a constant heat ﬂux applied over the bottom
surface and insulated lateral surfaces. For the top surface of the
plate, two types of BCs are considered: a prescribed constant temperature T ¼ 20  C and a convective BC with a heat transfer coefﬁcient of h = 25 W/m2 K and an ambient temperature of T 1 ¼ 20  C.
The value of h is evaluated experimentally via a thermal test on the
PMC plate similar to that presented in [29]. As described in the
FEM-based homogenization study in the Appendix, the effective
thermal conductivities of the plate along the material principal
 xx ¼ 0:47; j
 yy ¼ 0:45, and j
 zz ¼ 0:4 W/m K. Taking advanaxes are j
tage of the problem symmetry, we reduce the computational domain to that illustrated in Fig. 3(b) and adopt periodic BC along
the surfaces of the repeating cell. The BCs along the top and bottom
surfaces of this unit cell remain unchanged.
In the following sections, the impact of a variety of design
parameters on the thermal response of the AC-PMC plate is studied. Some of these parameters, as shown in Fig. 3(b) and described
in Table 1, include the wavelength k and amplitude A of microchannels, length of the microvascular plate L, distance between
, and the coolant
two adjacent microchannels W, applied heat ﬂux q
ﬂow rate Q. Moreover, we investigate how the coolant type and the
ﬂow direction in the microchannels affect the thermal response of
the system.
The design objectives of this work are to minimize the microchannel volume fraction and to maximize the ﬂow and cooling efﬁciencies of the embedded microchannels (Fig. 3). To manage the
ﬂow efﬁciency, we aim to reduce the power needed to circulate
_ Dp=qf , where Dp is the pressure drop in the
the coolant, P ¼ m
microchannels. To evaluate Dp in a microchannel with a length
of Lf, we adopt the classical Hagen-Poiseuille law [43],

Dp ¼

Z
Lf

~ f mds
_
128l

qf pD4

ð2Þ

;

Table 1
Design parameters and their ranges studied for the design of the AC-PMC plate shown
in Fig. 3.
Design parameter

Range of values/ options

Top surface boundary condition
Flow direction in adjacent channels
Coolant ﬂow rate Q(ml/min)
microchannel wavelength A(mm)
microchannel amplitude A(mm)
microchannels spacing W(mm)
Length of the PMC plate L(cm)
Applied heat ﬂux q(kW/m2)
Type of the coolant

Fixed temperature, convective
Unidirectional, counter ﬂow
[0.1, 10]
[10, 20]
[0, 2.5]
[1, 8]
[10, 40]
[10, 100]
Water, PAO, ethylene glycole

_ ¼ qf pD2 Q =4 is the mass ﬂow rate, l
~ f is the average dywhere m
namic viscosity at each cross section, and ds is a longitudinal element along the microchannel centerline.
The main objective involved in the design of the AC-PMC plate
is to maximize the thermal efﬁciency of the embedded network, deﬁned as

gT ¼ 1 

T max  T ref
T 0max  T ref

ð3Þ

:

In (3), Tref = 20 °C is the reference temperature of the composite, i.e.,
the temperature in the absence of an applied heat ﬂux over the bottom surface of the plate. Tmax and T 0max are the maximum temperature of the heated composite plate with and without coolant ﬂow in
the microchannels, respectively. Using the 1D conductive heat
transfer equations, we can readily evaluate T 0max for the ﬁxed temH=j
 zz þ T ref and
perature and convective BC cases as T 0max ¼ q
H=j
 zz þ q
=h þ T ref , respectively. Table 2 presents the values
T 0max ¼ q
 in the absence of the active cooling.
of T 0max versus q
, we can use (3) to evaluate the minimum
For a given heat ﬂux q
thermal efﬁciency required to keep Tmax below a limiting value. For
the composite plate of interest shown in Fig. 3, the highest sustainable temperature before observing signiﬁcant degradation of the
matrix is set at Tmax  300 °C. As indicated in Table 2, the maximum temperature of the composite in the absence of the active
cooling can be signiﬁcantly higher than this allowable value.
Fig. 4 illustrates the variations of the minimum thermal efﬁciency
gT,min required to ensure T < Tmax (300 °C) for different values of q.
 ¼ 100 kW/m2, the actively-cooled system
For example, when q
must at least achieve gT,min = 82.3% and gT,min = 94.5% for the ﬁxed
temperature and convective BC cases, respectively.
A key constraint involved in the active cooling process is the
maximum allowable temperature of the coolant. For example, if
water is used as the coolant, Tf,max = 100 °C (boiling point). To
incorporate this constraint in the design of the microvascular plate,
we deﬁne the energy efﬁciency as

gE ¼

_ p ðT f ;out  T f ;in Þ
mc
;
 Ab
q

ð4Þ

where Ab = LW is the area of the plate bottom surface and Tf, out and
Tf,in are the average coolant temperatures at the inlet and the outlet,
Table 2
 and the two
Maximum temperature T 0max in the PMC plate for different values of q
choices of the top surface BC in the absence of ﬂow in the microchannels.
(kW/m2)
Heat ﬂux q

10

20

25

50

100

Tmax (°C)

170
527

320
1034

395
1288

770
2556

1520
5091

Fixed temp. BC
Convective BC
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Discretizing the domain X ﬃ Xh into m non-conforming ﬁnite elements, the IGFEM approximation of (8) in each element is expressed
as [27]

T h ðxÞ ¼

nen
n
X
X
N i ðxÞT i þ
sj wj ðxÞaj :

ð9Þ

j¼1

i¼1

The ﬁrst term in (9) is the standard FEM part of the formulation,
where fNi ðxÞgni¼1  T h are the n Lagrangian shape functions and Ti
denotes the nodal value of the temperature. The second term in
en
used
(9) is the contribution of the enrichment functions fwj ðxÞgnj¼1
Fig. 4. Minimum thermal efﬁciency gT,min required to maintain Tmax < 300 °C in the
 for the ﬁxed temperature and convective
AC-PMC plate versus applied heat ﬂux q
BCs over the top surface.

respectively. gE yields the ratio of the heat extracted by the coolant
. Also, the coefﬁcient of perto the heat supplied to the system via q
formance is deﬁned as

cP ¼

_ p ðT f ;out  T f ;in Þ qcp ðT f ;out  T f ;in Þ
mc
¼
;
Dp
P

ð5Þ

the ratio of the extracted heat to the power needed to circulate the
coolant in the microchannels. Providing a higher ﬂow rate of the
coolant allows extracting more heat from the plate, but also requires a higher pressure head, which increases the power
consumption.
3. Thermal response: SUPG stabilized IGFEM solver
To evaluate the thermal response of the AC-PMC plate, we adopt
the steady-state convection–diffusion equations. Consider an open
domain X = Xf [ Xs with boundary C and an outward unit normal
vector n, where Xf and Xs correspond to the ﬂuid and the solid
phases, respectively. The domain boundary is divided into three
non-overlapping partitions CT,Cq, and Ch to assign the ﬁxed temperature, heat ﬂux, and convective BCs, respectively. Given the
thermal conductivity tensor j, ﬂuid density qf, ﬂuid speciﬁc heat
 applied heat ﬂux q
, heat transfer
cp, prescribed temperature, T,
coefﬁcient h, and the ambient temperature T 1 , the strong form
of the governing equations is described as

 r  ðjrTÞ þ qf cp v  rT ¼ 0 in Xf

r  ðjrTÞ ¼ 0 in Xs
ð6Þ

T  T ¼ 0 on CT
jrT  n  q ¼ 0 on Cq

to capture the temperature gradient discontinuity along the ﬂuid/
solid interface. These enrichment functions are constructed as a linear combination of the Lagrangian shape functions of the integration sub-elements. For more information regarding the IGFEM
formulation, convergence study, and applications, see [27,28].
In the Galerkin formulation [44] of the IGFEM, the weighting
functions in (8) are similar to the trial functions adopted in (9) to
en
approximate the temperature ﬁeld, i.e., wh ¼ fN i ðxÞjni¼1 ; wj ðxÞjnj¼1
g.
While this yields the optimal accuracy for evaluating the thermal
response in the solid phase, the presence of the convection term
in the ﬂuid leads to an unstable formulation, which introduces spurious oscillations to the approximate ﬁeld. The amplitude of these
ﬁctitious oscillations is a function of the element Peclet number
[30],

!1
n
X
hk ¼ 2jv k j
jv k :rN i j
:


2
2r
1
nt ;
D
pD
8Q

ð7Þ

2

To reduce the spurious oscillations in the temperature ﬁeld using
the SUPG scheme, the trial weighting functions are modiﬁed to
place more weight on the upstream nodes as [31,32]

~ h ¼ wh þ sqcp v rwh ;
w

1

the solution functions T ¼ fT  H ðXÞ : TjCT ¼ Tg, the weak form of
(6) is expressed as: Find T 2 T such that

Z

rw  jrT dX þ

X

¼

Z
Ch

Z
Xf

hwT 1 dC þ

wqf cp v  rT dX þ

Z

 dC 8w 2 W:
wq
Cq

Z

hwT dC

Ch

ð8Þ

ð12Þ

~h
where s is called the stabilization parameter. The second term in w
induces an artiﬁcial diffusion in the IGFEM formation, which alleviates the under-diffusive solution obtained from the Galerkin method. For multi-dimensional problems, s can be evaluated as [38]



hk
1
:
coth Pek 
Pek
2q f c p j v k j

ð13Þ

Note that, for the radially varying velocity ﬁeld present in the
microchannels, s is not constant and must be evaluated at each
Gauss point of the integration sub-elements. The stabilized IGFEM
approximation of (8) with ﬁrst-order enrichment and Lagrangian
shape functions is expressed as

Z

rwh  jrT h dX þ

X

where r is the distance from the centerline and nt is the tangential
unit vector along the centerline of the microchannel.
n
o
Given the space of the weight functions W ¼ w  H10 ðXÞ and

ð11Þ

i¼1

jrT  n  hðT 1  TÞ ¼ 0 on Ch ;

v ðrÞ ¼

ð10Þ

where jvkj is the norm of the velocity vector and jk = kj  vkk/kvkk
and hk are the thermal conductivity and length of the element in
the ﬂow direction, respectively, with [38]

s¼

where v is the velocity ﬁeld in the ﬂuid phase. The small values of
microchannel diameter D and coolant ﬂow rate Q allow laminar
ﬂow with a fully-developed velocity proﬁle in the microchannels given by [43]

qf cp jv k jhk
;
2jk

Pek ¼

þ
¼

#

Z

h

hw T h dC

Ch

sðqcp v  rwh Þðqcp v  rT h ÞdX

Xf

Ch

wh qcp v  rT h dX

Xf

"Z
Z

Z

h

hw T 1 dC þ

Z

dC 8wh 2 W h ;
wh q

ð14Þ

Cq

where the term in the square brackets corresponds to the SUPG
stabilization.
Fig. 5 presents a comparison between the Galerkin and SUPG
IGFEM approximations along the centerline of a straight
microchannel. Both solutions are obtained using the same
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Fig. 5. Coolant temperature along the centerline of microchannel evaluated by the SUPG and Galerkin IGFEM solvers for the case L = 10 cm, W = 1 mm, Q = 10 ml/min,
 ¼ 100 kW/m2, and with the top surface convective BC. The dashed curve shows the average Galerkin solution, obtained by eliminating the spurious oscillations in the actual
q
temperature proﬁle. The shaded area corresponds to the region where the corresponding coolant temperature falls below its entrance temperature.

non-conforming tetrahedral mesh. As apparent in Fig. 5, the SUPG
scheme substantially reduces the spurious oscillations. Furthermore, comparison with the analytical solution shows that the
SUPG stabilized results are more accurate than those of the Galerkin method. to make a qualitative comparison, we can monitor the
variation of the average coolant temperature proﬁle obtained from
the Galerkin IGFEM in Fig. 5, which drops below its entrance
temperature Tin = 20 °C in the shaded area. Since the coolant
temperature at the entrance is considerably lower than the initial
temperature of the heated plate, it cannot become colder than
Tin. On the other hand, the temperature proﬁle approximated with
the SUPG stabilized solver stays larger than Tin, which can better
capture the physical behavior of the system.

4. Sinusoidal versus straight microchannels
The temperature ﬁelds evaluated with the stabilized IGFEM solver in the AC-PMC plate corresponding to varied microchannels
conﬁgurations are depicted in Fig. 6. All the results shown in this
ﬁgure are computed using the same non-conforming ﬁnite element
mesh, for which the lowest maximum temperature appears in the
domain with the straight embedded microchannel. In general, the
optimal microchannel conﬁguration is a function of the domain
length L, coolant ﬂow rate Q, and the top surface BC. In the remainder of this section, we study the impact of these parameters on the
optimal conﬁguration of the microchannels. In all numerical simulations presented hereafter, the microchannels spacing is set at
W = 1 mm, unless mentioned otherwise.

The temperature proﬁle along the lower edge of the domain, i.e.,
the location with the highest temperature in the entire plate, is
 ¼ 10 kW/m2, and
illustrated in Fig. 7 for a plate with L = 40 cm, q
subjected to convective BC along the top surface. Four microchannel conﬁgurations are presented for two values of the ﬂow rate:
Q = 0.1 (Fig. 7(a)) and Q = 1 ml/min (Fig. 7(b)). As apparent in these
ﬁgures, straight microchannels yield the lowest maximum temperature in the composite plate for both ﬂow rates. Moreover, as we
move from a low ﬂow rate (Q = 0.1 ml/min) to a larger one
(Q = 1 ml/min), the temperature proﬁle associated with the
straight microchannel provides a lower bound for the temperature
obtained for sinusoidal microchannels. Note that, since sinusoidalshape microchannels are longer than their straight counterparts,
wavy microchannels yield higher void volume fraction and pressure drop (Eq. (2)). Therefore, for the microvascular plate with
top surface convective BC and L < 40 cm, the straight microchannel
conﬁguration is optimal for all three objective functions.
Fig. 8 presents similar results as Fig. 7, but for the case of ﬁxed
temperature BC along the top surface. As for convective BC, the
straight microchannel conﬁguration yields the lowest maximum
temperature when Q = 1.0 ml/min (Fig. 8(b)). However, as shown
in Fig. 8(a), for a lower ﬂow rate,Q = 0.1 ml/min, the sinusoidal
microchannel with the smallest wavelength k = 10 mm and the
largest amplitude A = 2.5 mm yields the least maximum temperature. In this case, the sinusoidal conﬁguration of the microchannel
allows an effective redistribution of the heat between the top and
the bottom surfaces of the plate, which leads to a periodic temperature proﬁle. As illustrated in Fig. 8(a), the temperature associated
with the straight microchannel is monotonically increasing and

 ¼ 10 kW/m2,Q = 1 ml/min,
Fig. 6. Temperature ﬁeld associated with different conﬁgurations of the embedded microchannels in an AC-PMC plate with L = 10 cm, W = 1 mm, q
and top surface convective BC.
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 ¼ 10 kW/m2,
Fig. 7. Temperature proﬁle associated with four microchannel conﬁgurations along the bottom edge of the domain for the convective BC case and W = 1 mm, q
and (a) Q = 0.1 and (b) Q = 1.0 ml/min. The wavelength k and amplitude A are given in mm.

Fig. 8. Similar description as Fig. 7, but with convective BC along the top surface.

eventually exceeds that of the sinusoidal microchannel at a critical
length of Lc = 8.56 cm. In other words, if L > Lc = 8.56 cm, using the
sinusoidal microchannel is more effective in reducing the maximum temperature of the composite and vice versa.

The impact of the coolant ﬂow rate on the critical length of the
plate for different values of k and A is depicted in Fig. 9. As shown
there, while Lc increases linearly with Q, it is independent of the
magnitude of the applied heat ﬂux. Moreover, for all three sinusoi-
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dal microchannel conﬁgurations, Lc is larger than 40 cm when Q =
0.5 ml/min. The maximum value adopted for PMC plate length in
this work is L = 40 cm, as using higher lengths leads to excessively
large pressure drops in the microchannels. Furthermore, using a
ﬂow rate smaller than Q = 0.5 ml/min cannot effectively reduce
Tmax for the high thermal loads expected in hypersonic aircrafts.
Therefore, similar to the AC-PMC plate with the convective BC
along its top surface, the straight microchannel is the optimal conﬁguration for the case of ﬁxed temperature BC when Q > 0.5 ml/
min and L < 40 cm.

5. Design of the AC-PMC plate with straight microchannels
Fig. 9. Critical length Lc of the AC-PMC plate versus Q for a periodic cell with
W = 1 mm and ﬁxed temperature BC along it top surface. The straight microchannel
conﬁguration is optimal for minimizing Tmax when the length L of the plate is
smaller than Lc.

We now turn our attention on the impact of other design
parameters presented in Table 1 on the thermal response of the
AC-PMC plate with straight microchannels. The dependence of

 for different values of coolant ﬂow rate Q: (a) Fixed temperature BC and L = 10 cm, (b) Fixed temperature BC and L = 40 cm, (c)
Fig. 10. Thermal efﬁciency gT versus heat ﬂux q
Convective BC and L = 10 cm, (d) Convective BC and L = 40 cm. The solid curve corresponds to the minimum thermal efﬁciency needed to keep Tmax < 30 °C (Fig. 4).

 ¼ 100 kW/m2 and (a) L = 10 cm and
Fig. 11. Thermal efﬁciency gT, energy efﬁciency gE, and coefﬁcient of performance cE versus ﬂow rate Q for two PMC plate subjected to q
(b) L = 40 cm. The solid and dashed lines show the results for convective and ﬁxed temperature BC, respectively. The cE curves for convective and ﬁxed BC cases are almost
identical.
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Fig. 12. Pressure drop Dp in the microchannels versus coolant ﬂow rate Q for the
AC-PMC plate with convective BC along the top surface.

Fig. 13. Tmax and Tf,out versus Q for a microvascular PMC plate with L = 10 cm,
 ¼ 100 kW/m2. The solid and dashed lines correspond to convecW = 1 mm, and q
tive and ﬁxed temperature BCs, respectively.

 for different
the thermal efﬁciency gT on the applied heat ﬂux q
values of the ﬂow rate Q is presented in Fig. 10 for L = 10 cm
(Fig. 10(a) and (c)) and L = 40 cm (Fig. 10(b) and (d)). As described
earlier, due to the linear response of the thermal problem and the
. Thus,
deﬁnition of the thermal efﬁciency, gT is independent of q
the intersection between the computed gT values and the minimum required thermal efﬁciency gT,min (red solid curve) for each
ﬂow rate Q yields the maximum allowable heat ﬂux corresponding
, the value of
to Tmax = 300 °C. Conversely, it provides for a given q
the minimum ﬂow rate Q needed to keep Tmax < 300 °C. For exam ¼ 100
ple, Fig. 10(c) shows that for a PMC plate with L = 10 cm, q
W/m2, and the top surface convective BC, a ﬂow rate of at least

Q = 1 ml/min is required to maintain Tmax < 300 °C. For a similar
but longer domain with L = 40 cm, the minimum required ﬂow rate
must be increased to Q = 5 ml/min (Fig. 10(d)).
The variations of the thermal efﬁciency gT, energy efﬁciency gE,
and the coefﬁcient of performance cE versus the coolant ﬂow rate
 ¼ 100 kW/m2 are depicted in
for a microvascular plate with q
Fig. 11. The results presented in Fig. 11(a) and (b) are obtained
for domains with L = 10 cm and L = 40 cm, respectively. Note that,
; cE is not. gT and gE are meawhile gT and gE are independent of q
sures of the maximum temperature of the composite and the average coolant temperature at the outlet, respectively, while cE yields
the ratio of the heat convected out of the system to the cost of the
active cooling. Fig. 11 shows that increasing Q increases gT and gE.
However, cE decreases with an increasing Q as the power P is
proportional to Q2, but the removed heat from the system is proportional to Q. Moreover, comparing Fig. 11(a) and (b) shows that
although increasing the domain length form L = 10 to L = 40 cm has
a negative impact on gT and gE, it leads to an increase in cE.
Before studying the impact of other design parameters on the
thermal response of the AC-PMC plate, we analyze the cost of active cooling in more details. As mentioned in Section 2, the power
P needed to circulate the coolant is proportional to Dp between the
inlet and outlet of a microchannel. The variation of Dp versus Q for
 ¼ 10 and 100 kW/m2 are depicted in
L = 10 and 40 cm and q
Fig. 12. Although these results are obtained for a PMC plate with
the top surface convective BC, the results are almost identical for
ﬁxed temperature BC. As expected, using a larger Q increases Dp.
However, due to the temperature dependence of the coolant dynamic viscosity l given by (1), the relationship between Dp and
 has an important impact on
Q is nonlinear. Thus, the value of q
the magnitude of the pressure drop. For instance, note the decrease
in Dp for a plate with L = 40 cm as the heat ﬂux is decreased from
 ¼ 10 to 100 kW/m2. It must be mentioned that the domain
q
length value also has a nonlinear impact on the pressure drop. As
depicted in Fig. 12, the increase in Dp associated with L = 40 cm
is less than four times that for L = 10 cm.
The variations of the composite maximum temperature Tmax
and the average coolant temperature at the outlet Tf,out versus Q
 ¼ 100 kW/m2 are
for a domain with L = 10 cm and subjected to q
illustrated in Fig. 13. As shown there, the impact of the top surface
BC on the thermal response of the plate for higher ﬂow rates is negligible. Fig. 13 can then be used to evaluate the minimum required
value of Q to maintain Tmax and Tf,out in the allowable ranges.
 ¼ 100
The impact of the domain length L on Tmax and Tf,out for q
kW/m2, top surface convective BC, and different values of Q is illustrated in Fig. 14. As shown there, both Tmax and Tf, out are increasing
linearly with L, where their slope is increasing with Q. Fig. 14 also
shows that the maximum allowable length of the domain for a

 ¼ 100 kW/m2, top
Fig. 14. (a) Maximum temperature of the composite Tmax and (b) coolant average outlet temperature Tf,out versus the length L of the plate for W = 1 mm, q
surface convective BC, and different values of Q. The dotted horizontal lines denote the allowable values of Tmax and Tf,out set at 300 °C and 100 °C, respectively.
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 for a microvascular PMC plate with W = 1 mm, top surface convective BC, and (a) L = 10 cm and (b) L = 40 cm. The dashed and contour
Fig. 15. Tf,out and Tmax versus Q and q
lines correspond to Tf,out and Tmax, respectively, with the contour values of Tmax written in boxes.

Table 3
Material properties and allowable temperatures of three candidate coolants for the
AC-PMC plate of interest, with aQ = (qcp)water/(qcp)coolant.
Coolant

Water
Polyalphaoleﬁne
Ethylene glycol

cp
(kJ/kg K)

q

4183
2220
2440

1000
809
1113

(kg/m3)

l (kg/ms)
T = 40 °C

T = 100 °C

6.53  104
4.45  103
9.80  103

2.80  104
1.45  103
1.98  104

Tall
(°C)

aQ

100
161
111

1
2.33
1.54

given value of Q is determined based on the maximum allowable
temperature of the coolant (Tf,out = 100 °C) and not that of the composite (Tmax = 300 °C).
We can generalize the results presented in Figs. 13 and 14 for
evaluating Tmax and Tf, out in the form of the design maps shown
in Fig. 15. In this ﬁgure, the solid contour lines represent the maximum temperature of the composite, while the dashed lines show
the average coolant temperature at the outlet for different values
 and Q. The contours for Tmax > 300 °C are not shown since this
of q
temperature is considered as a physical limit for the polymer matrix. Fig. 15(a) and (b) illustrate the results for PMC plates with the
convective BC along the top surface and L = 10 and L = 40 cm,
respectively. Note that, except for slight differences at low ﬂow
rates, the results presented in Fig. 15 are identical for the ﬁxed
temperature BC.
The diagram presented in Fig. 15 can be used to design the
AC-PMC plate by evaluating the minimum required ﬂow rate Q

Fig. 17. Temperature ﬁeld over the inlet and outlet surfaces of an AC-PMC plate
 ¼ 10 kW/m2, and convective BC: (a) inlet and (b) outlet
with W = 1 mm, L = 10 cm, q
surfaces for the unidirectional ﬂow and (c) inlet/outlet surfaces for the counter ﬂow.
The solid and dashed lines indicate the unidirectional and counter ﬂow in
microchannels, respectively.

. As referred to in Figs. 13 and
for any value of applied heat ﬂux q
14, these results verify that the minimum required value of Q is
determined by the constraint on maximum allowable temperature
Tf,out of the coolant (water), as the area covered by Tf,out < 100 °C is
smaller than that covered by Tmax < 300 °C for the range of design

 ¼ 100 kW/m2,L = 10 cm, and (a) Q = 1 and (b)
Fig. 16. Effect of microchannels spacing W on spatial temperature variation along the bottom edge of an AC-PMC plate with q
Q = 5 ml/min. The solid and dashed lines correspond to the convective and ﬁxed temperature BCs along the top surface of the plate, respectively.
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 ¼ 10 kW/m2, and top surface convective BC. (a) Temperature proﬁles along the bottom edge;
Fig. 18. Unidirectional versus counter ﬂow solutions for W = 1 mm, L = 10 cm, q
(b) Tmax versus Q. The solid and dashed curves denote the counter ﬂow and unidirectional cases, respectively.

parameters considered in this work. As apparent in Fig. 15, satisfying the constraint on Tf, out for water leads to a signiﬁcant increase
in the minimum required ﬂow rate and thereby the cost of the active cooling. This suggests that using a different coolant with a larger maximum allowable temperature may reduce the cost of active
cooling. The thermal properties of ethylene glycole (EG) and polyalphaoleﬁn (PAO) as two popular candidate coolants are presented
in Table 3. The allowable temperature for these oil-based coolants
are selected as their ﬂash point, which is larger than the boiling
point of water. However, according to Table 3, these coolants have
a considerably lower speciﬁc heat and higher dynamic viscosity
than water, which reduces the cooling efﬁciency and the coefﬁcient of performance. Therefore, the impact of replacing water with
either of the coolants given in Table 3 is not immediately obvious.
Converting the water-based design diagram presented in Fig. 15
to one used with other coolants can be achieved as follows:
According to (6), the heat convection in the embedded microchannels is proportional to qfcpv. Therefore, the amount of heat convected out of a microchannel is proportional to qcp Q =A, where A
is the microchannel cross section. For a new coolant, the ﬂow rate
can thus be scaled by a factor of aQ = (qcp)water/(q cp)coolant such
that ðqcp Q =AÞwater ¼ ðqcp aQ Q =AÞcoolant to yield the same thermal response. According to Table 3, the equivalent ﬂow rate for PAO and
EG are aQ = 2.33 and 1.54 times larger than that of water, while the
corresponding increase in Tf,max is only about 61% and 11%, respectively. Therefore, the minimum required ﬂow rate obtained from
Fig. 15 for each of these coolants will be larger than the required
ﬂow rate when using water. Moreover, the substantially (between
three to ﬁve times) larger values of the dynamic viscosity l of PAO
and EG compared to water causes a substantial increase in the
pressure drop. Therefore, among the three coolants investigated
in this work, water appears to be the best choice for the design
of the AC-PMC plate.
In the microvascular composite plates studied thus far, the distance between the microchannels centerlines was ﬁxed at
W = 1 mm. The impact of increasing W on the temperature proﬁle
 ¼ 100 kW/m2 and
along the bottom edge of a domain with q
L = 10 cm is depicted in Fig. 16 for Q = 1 and Q = 5 ml/min. Moreover, increasing W increases the impact of the top surface BC on
the thermal response of the AC-PMC plate, as the temperature values for top surface convective BC become signiﬁcantly higher than
those of ﬁxed temperature BC counterparts.
As a ﬁnal design parameter, we study the thermal impact of
unidirectional versus counter ﬂow in the adjacent microchannels.
Fig. 17 illustrates the temperature ﬁeld over the inlet and outlet

surfaces of the microvascular plate for Q = 1 ml/min, L = 10 cm,
 ¼ 10 kW/m2, and convective BC over the top surface. As shown
q
there, the temperature over the inlet/outlet surfaces of the domain
with the counter ﬂow is considerably lower than that over the outlet surface of the domain with the unidirectional ﬂow. For the
counter ﬂow case, the cold ﬂuid at the inlet absorbs the heat from
the hot ﬂuid in the adjacent microchannel, which can successfully
reduce the temperature over the inlet/outlet surfaces.
The temperature proﬁles along the bottom edge and the maximum temperatures in the AC-PMC plate for different coolant ﬂow
rates obtained with unidirectional and counter ﬂows are presented
in Fig. 18. The microvascular domain studied in this ﬁgure has
 ¼ 10 kW/m2, and convective BC along the top surface.
L = 10 cm, q
As expected, while the unidirectional ﬂow leads to a monotonic increase of the temperature from the inlet to the outlet, the counter
ﬂow yields a symmetric temperature proﬁle, with the maximum
located in the middle of the specimen. Fig. 18(b) shows that the
impact of the ﬂow direction on the thermal response of the plate
is a function of Q. For smaller ﬂow rates (Q < 1 ml/min), using unidirectional ﬂow is more effective in reducing Tmax. However, for
larger values of Q,Tmax can be further reduced when using counter
ﬂow, due to the effective heat exchange between hot and cold coolants in the adjacent microchannels.

6. Conclusions
The computational design of an actively-cooled microvascular
composite plate with sinusoidal and straight embedded microchannels was performed with the aid of an Interface-enriched Generalized Finite Element Method (IGFEM) solver. By eliminating the
need to create meshes that conform to the microchannels geometry, the IGFEM signiﬁcantly simpliﬁes and speeds up the design
process without affecting the accuracy of the solution. To eliminate
the spurious oscillations in the ﬁeld due to the convective heat
transfer in the microchannels, the Streamline Upwind Petrov–
Galerkin (SUPG) stabilization technique was also implemented.
Several objective functions and constraints were considered,
including the maximum temperature of the composite, maximum
allowable temperature of the coolant, and the pressure drop in the
microchannels. The design parameters included the microchannels
conﬁguration, length of the domain, microchannels spacing, coolant type, ﬂow rate, applied heat ﬂux, top surface BCs, and the ﬂow
direction in adjacent microchannels. The thermal and energy efﬁciencies and the coefﬁcient of performance of the AC-PMC plate
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Fig. A.1. Finite element meshes in (a) the entire domain and (b) glass ﬁber tows for evaluating the effective thermal properties of the composite unit cell as shown in Fig. 2.

were evaluated for different values of the heat ﬂux and ﬂow rate.
The key observations of this study are as follows:
For an AC-PMC plate with Q > 0.5 ml/min and L < 40 cm, the
straight microchannel is the optimal conﬁguration regardless
of the BC along the top surface of the plate.
The maximum allowable temperature of the coolant determines
the ﬂow rate needed for the active cooling.
Compared to oil-based coolants ethylene glycole and polyalphaoleﬁn, water yields the lowest cost of the active cooling and
therefore is a better choice for the coolant.
At higher ﬂow rates (Q > 1 ml/min), counter ﬂow in the adjacent
microchannels improves the cooling efﬁciency.

 zz , is computed by
conductivity of the plate in the z direction, j
b along the bottom surface, a conassigning a uniform heat ﬂux q
stant temperature T t along the top surface, and insulating the other
surfaces as [46],

j zz ¼ e

b H
q

T b  Tt

;

ðA:2Þ

where the temperature along the bottom surface in the exact solue b evaluated from the
tion is replaced with the average temperature T
 xx and j
 yy
FEM approximation. Following the same procedure for j
yields the effective properties presented in Section 2, i.e.,
j xx ¼ 0:47; j yy ¼ 0:45, and j zz ¼ 0:4 W/m K.
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Appendix A. PMC plate effective thermal conductivities
A combined analytical/FEM-based approach is used to compute
the effective thermal properties of the PMC plate in the absence of
embedded microchannels. The thermal conductivity of the epoxy
matrix and S2 glass ﬁbers are je = 0.23 and jg = 1.45 W/m K,
respectively. To determine the effective thermal conductivities of
the composite, we ﬁrst evaluate those of the glass ﬁber tows. Each
ﬁber tow containing the glass ﬁbers inﬁltrated with the epoxy resin is modeled as a transversely isotropic unidirectional composite.
The effective thermal conductivities along the principal axes of
these ﬁber tows are given by [45]

j 11 ¼ V g jg þ ð1  V g Þje ; j 22 ¼ j 33
2

¼ je 41 

3

2V g
4

m þ V g  m3V2 pg4 S2

where S = 0.032p4,

5;

ðA:1Þ

m ¼ jjee þjjgg , and Vg is the volume fraction of glass

ﬁbers, which equals Vg  0.6 for the PMC of interest [12]. According
 11 ¼ 0:962 and j
 22 ¼ j
 33 ¼ 0:576 W/m K as
to (A.1), we then have j
effective thermal conductivities of the ﬁber tows.
The homogenized thermal properties of the ﬁber tows are then
used to determine the effective thermal conductivities of the woven composite. To model the composite microstructure (Fig. 2),
we implement an FEM-based approach using the ﬁnite element
meshes shown in Fig. A.1. To evaluate the effective properties in
each material principal direction, numerical simulations with
various BCs are performed. For example, the effective thermal
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