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a b s t r a c t

Vascularized materials are a new generation of smart-material concepts that offer novel volumetric func-
tionalities such as self-cooling, self-healing, renewal, cleansing, and ‘‘designed” transport properties (per-
meability, effective thermal conductivity). In this paper, we evaluate the volumetric cooling performance
of slabs with embedded flow architectures consisting of grids (G) and radial channels (R). Both flow direc-
tions are considered: inlet (I) and outlet (O) in the center of the slab. In total, four configurations (GI, RI,
GO, RO) compete for high performance in three directions: (i) low peak of overheating, or low global ther-
mal resistance, (ii) small volume fractions (r) occupied by high temperatures, and (iii) small pumping
power. The results show that grids have lower global flow resistance than radial designs while local junc-
tion losses are important. The designs with inlet in the center are attractive in having lower global flow
resistance than those with outlet in the center. When objective (i) is considered, designs with outlet in
the center are recommended, and the gains in performance are significant if junction losses are negligible
and Reynolds numbers are small. For objective (ii), RO is attractive if Sv is greater than 10 or Be is smaller
than 109. When the three objectives (i)–(iii) are considered at the same time, the configurations with the
outlet in the center (GO, RO) are superior when the flow system operates at low pumping power, and that
GI and RI are attractive at high pumping power.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Constructal theory is focusing attention on the relationship be-
tween the architecture of the flow system and its global perfor-
mance. New work and methods for the discovery of effective
flow architectures are appearing in several directions that span
the landscape from engineering to geophysics, biology and social
dynamics [1–13]. This work was revised most recently in Refs.
[11–13].

One active direction in engineering is the vascularization of
smart materials so that they may offer new or improved volumet-
ric functions: self-cooling, self-healing, variable transport proper-
ties, etc. This new generation of smart materials differs from the
old in that it has ‘‘vasculature by design”. The new smart materials
look more and more like animal tissues because of the design
direction that calls for them and generates them, not because they
are copied from nature.

The development of smart materials is marching towards smal-
ler scales and greater interconnectedness between the small-scale
details of the structure. Their transformation is driven by the need
to install multiple functions throughout the material volume, for
example, sensing, actuating, self-cooling, and self-healing. In this
ll rights reserved.

: +1 919 660 8963.
direction, the designer of the morphing structure rediscovers the
designs of nature: vascularized materials with multi-scale chan-
nels and tree-shaped flows, multiple functionality and unmatched
robustness.

An important new direction is the development of smart mate-
rials with self-healing functionality. Needed is a continuous supply
of healing agents throughout the volume of the material. The
development of self-healing calls for the vascularization of the en-
tire volume. Supply and evacuation networks are configured and
distributed [14,15] in accordance with earliest constructal designs
developed for the cooling of electronics [1,2].

In this paper, we consider the use of vasculatures for providing
the composite with the ability to experience cooling volumetri-
cally. This is an important departure from the self-healing architec-
tures developed in Refs. [14,15], where the sole objective of the
flow architecture was to spread the flow as uniformly as possible
through the volume. Here we face the additional challenge of using
the flow architecture to cool the body, and to smooth the temper-
ature peaks as much as possible. For this, the facilitation of flow ac-
cess is an important prerequisite, which is also tied to the pumping
power that must be invested in the vascularized composite. To
start, we consider two simple flow architectures, embedded grids
and radial channels, as a guide for tree-shaped vasculatures later.
The search is for results that have fundamental applications in
the design of smart vascular structures.
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Nomenclature

Be dimensionless pressure drop, Eq. (22)
cP specific heat at constant pressure, J kg�1 K�1

dg, r channel thickness, m
k thermal conductivity, W m�1 K�1

L the side of the square slab, m
Lg, r spacing between ports on the perimeter, m
_m total mass flow rate, kg s�1

n normal direction
P pressure, Pa
Pr Prandtl number, Eq. (21)
q00 bottom heat flux, W m�2

Re Reynolds number, Eq. (25)
Sv Svelteness number, Eq. (24)
T temperature, K
U mean velocity, m s�1

u, t, w velocity components, m s�1

V total volume, m3

Vc total flow volume, m3

Vhot volume occupied by high temperature, m3fW dimensionless pumping power, Eq. (28)
x, y, z Cartesian coordinates, m

Greek symbols
a thermal diffusivity, m2 s�1

DP pressure difference, Pa
/ porosity
l dynamic viscosity, kg m�1 s�1

m kinematic viscosity, m2 s�1

q density, kg m�3

R summation of pressure drops at junctions
r temperature uniformity, Eq. (26)

Subscripts
f fluid
g grid pattern
hot high temperature
in inlet
out outlet
max maximum
min minimum
r radial pattern
s solid

Superscript
ð~Þ dimensionless, Eqs. (9)–(12) and (23)
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2. Numerical model

Consider a square slab of size L � L and thickness 0.1 L. The slab
is heated from the bottom with the heat flux q00, Fig. 1. The other
surfaces are adiabatic. Cooling is provided by an embedded
three-dimensional network of cooling channels. Two architectures
are modeled and compared: grid and radial (Fig. 1a and b). The
spacing between ports on the perimeter is fixed (Lg = Lr). The chan-
nel thickness of the grids and radial channels are dg and dr, respec-
tively. One eighth of the slab with embedded channels is shown in
greater detail in Fig. 2.

Two flow directions are considered, from the center of the slab
to the periphery, and from the periphery to the center. In total, four
flow configurations are explored (see Fig. 1a and b):

GI: grid with the inlet in the center
GO: grid with the outlet in the center
RI: radial channels with the inlet in the center
RO: radial channels with the outlet in the center

Several quantities are fixed in all cases: the volume of the slab
(V), the total volume of the flow channels (Vc) (or the porosity /
= Vc/V), and the pressure difference between inlet and outlet (DP).

We are interested in flow configurations that shave the temper-
ature peaks (the hot spots) to the lowest levels by using least
pumping power. To achieve this, we simulated numerically the
fluid flow and temperature fields throughout the volume occupied
by solid and flow channels. The conservation equations for mass
and momentum are
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where r2 = o2/o x2 + o2/oy2 + o2/o z2. The conservation of energy in
the fluid and solid spaces is expressed by
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The heat flux imposed from the bottom is

q00 ¼ �ks
oT
oz

ð7Þ

where ks is the thermal conductivity of the solid. The continuity of
heat flux across the solid–fluid interfaces is expressed by
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on
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ð8Þ

where kf is the fluid thermal conductivity, and n is the vector nor-
mal to the surface. The governing equations were nondimensional-
ized by defining the dimensionless variables:

~x; ~y;~z; ~n; eLg; r;
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where Pout is the lowest pressure (at the outlets), and Tin is the low-
est temperature (the bulk fluid temperature at the inlets). Written
in terms of dimensionless variables, Eqs. (1)–(8) become
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Fig. 1. Slab heated with uniform flux from below; (a) Grid channels; (b) Radial channels. The temperature distributions are the middle planes of the slabs (Sv = 10,
Be = 1010).

Fig. 2. One eighth of a square slab with embedded channels: (a) grid, (b) radial channels. The upper-left corner is the center of the slab. The temperature distributions are over
the surfaces of the bottom half of the slab (Sv = 10, Be = 1010).
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Fig. 3. The total mass flow rate versus pressure drop.

Fig. 4. The deviation of ~mðBeÞ from ~m=Be ¼ constant.
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where the dimensionless groups are

Pr ¼ m
af
; ~k ¼ ks

kf
ð21Þ

The imposed pressure difference (Pin � Pout) gives rise to a third
dimensionless group,

Be ¼ ðPin � PoutÞL2

laf
ð22Þ

which is the pressure drop number introduced by Bhattacharjee
and Grosshandler [16] and Petrescu [17]. The dimensionless total
mass flow rate into or out of the slab through the channel at the
center of the slab is defined as

~m ¼
eU~d2

g; r

Pr
¼

_m
afqf L Pr

ð23Þ

where U is the mean velocity and is nondimensionalized from Eq.
(10), and d indicates the channel thickness.

The computations were performed using a finite-volume pack-
age [18] with pressure-based solver, least squares cell-based gradi-
ent evaluation, SIMPLE algorithm for pressure–velocity coupling
and second order upwind scheme for the energy and momentum
equations. In order to verify that the solution was independent of
grid size, the cell number was increased in steps of 20% until the
changes in the total mass flow rate and the maximum temperature
were within 1%. The grid was nonuniform such that it was denser
in regions where the temperature and velocity fields had higher
curvature. The residuals of the continuity equation, momentum
equations and the energy equation were less than 10�5. The num-
ber of cells used in the simulations varied from case to case, how-
ever, the case with the smallest number of cells had more than 0.5
million cells, and the ratio of the cell quantity of solid volume to
fluid volume was 1.28–2.11 and 1.09–3.21 for radial and grid struc-
tures respectively when the porosity was 0.01.

3. Flow access

The numerical simulations were conducted in the dimension-
less parametric domain Pr = 6, ~k ¼ 18, Be = 108 � 1010. For exam-
ple, if the physical system consists of epoxy as solid and water as
fluid, then these dimensionless parameters correspond to
L = 5 cm, DP � 5–500 Pa, q00 = 103 � 105 W/m2 and hot-spot excess
temperatures of order 102 K.

The Svelteness of the flow architecture is defined as [19]

Sv ¼ external flow length scale
internal flow length scale

¼ L

V1=3
c

ð24Þ

The Svelteness is a global property of the flow architecture (the
‘‘thinness” of the lines of the whole drawing), which shows that
when Sv > 10 the effect of pressure losses at the junctions can be
neglected. Because the total volume and the flow channel volume
are fixed, the porosity (/ = Vc/V) is also fixed. In this paper, we
studied / = 0.005, 0.01 and 0.05, for which the corresponding Sv
values are 12.6, 10 and 5.85. The Sv and Be range of these simula-
tions correspond to channels with water flow at Reynolds numbers
form 5 to 1000. The Reynolds number is defined as
Re ¼ qUDh

l
ð25Þ

where Dh is the hydraulic diameter.
Fig. 3 shows how the mass flow rate ð ~mÞ varies with the im-

posed pressure difference (Be). The four configurations (GI, GO,
RI, RO) are defined in the beginning of Section 2. The global mass
flow rate ~m increases with the pressure difference Be, but the rela-
tionship ~m � Ben depends on Svelteness, with n = 0.8, 0.7 and 0.5
for Sv = 12.6, 10 and 5.85, respectively.

The Sv effect is more visible in Fig. 4, where we plotted the ratio
~m=Be because in the limit of small Reynolds numbers (small Be and
~m) ~m=Be should be constant. In that limit the flow resistance in all
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configurations should be dominated by Poiseuille-flow resistances
distributed along the channels. We learn from Fig. 4 that when Sv
is smaller than the order of 10, the departure from Poiseuille-type
resistance is significant, which means that the effect of local pres-
sure losses (junctions, entrances, etc.) is nonnegligible.

The fluid mechanics problem is to identify designs that provide
greater flow access, i.e. smaller global flow resistance. The answer
is not clear in Figs. 3 and 4, because for each Sv value the bundle of
~mðBeÞ curves is tight. Fig. 5 clarifies this issue in two ways. In
frames (a) and (b) we see how the ratio ~mgrid= ~mradial varies as Be
and Sv change. Because the grid has more junctions than the radial
design, we expect the radial design to have lower flow resistance
than the grid when junction losses are important, i.e. when Sv is
small. However, Fig. 5a and b shows that grids provide greater flow
access when local junction losses are important. When Poiseuille-
type losses dominate, radial designs provide greater access. This
conclusion is valid for both flow directions, inlet in the center
and outlet in the center. The explanation lies in the fact that the
lone junction in the radial pattern (in the center) is extremely com-
plicated: the channels connect the center with twenty peripheral
ports. Compared with this tight bundle of channels near the center,
the grids are more simple: they are made by connecting two chan-
nels at 90 degrees, and this leads to more manageable junction
losses when Sv is not larger than 10.

In frames (c) and (d) of Fig. 5 we evaluated the effect of flow
direction on the global mass flow rate when Be and Sv are fixed.
The ratio ~minlet center= ~moutlet center is greater than 1, more so when
Sv is small. In conclusion, for grid and radial designs, the global
flow resistance is smaller when the inlet is positioned in the center.
Fig. 5. The effect of flow configuration
Because small Sv means nonnegligible local pressure losses
[13,19], the flow direction makes a difference.

To shed more light on the generation of junction losses, we calcu-
lated the cross-section averaged pressures before and after the junc-
tions, as shown in Table 1 (Sv = 10, Be = 108 and 1010). The locations
of these cross-sections are indicated in Fig. 6. From Table 1 we calcu-
lated the global measure Rgrid/Rradial = 0.19 (Be = 1010) and Rgrid/
Rradial = 0.33 (Be = 108), where R indicates the summation of all
pressure drops at junctions, e.g. Rradial ¼ ðeP j11 � eP j12Þ þ ðeP j11�eP j13Þ þ ðeP j11 � eP j14Þ. These results show that radial patterns have
higher junction losses than grids, however, radial patterns have low-
er flow resistances along the channels. When junction losses are
minor and total junction losses of grids and radial patterns are nearly
the same, radial patterns facilitate higher mass flow rates than grids.
Figs. 7 and 8 show the pressure distribution along the center of chan-
nels. Six routes are defined:

Route 1: Grid, inlet ? j11 ? j12 ? j21 ? j22 ? j31
? j32 ? outlet 1

Route 2: Grid, j23 ? j41 ? j42 ? j52 ? j54 ? outlet 2
Route 3: Grid, j33 ? j51 ? j53 ? j61 ? j62 ? outlet 3
Route 4: Radial, inlet ? j11 ? j12 ? outlet 1
Route 5: Radial, j13 ? outlet 2
Route 6: Radial, j14 ? outlet 3

The slopes of the curves in Figs. 7 and 8 show that radial pat-
terns have lower flow resistance along channels than grids. The
pressure drops and recoveries (Fig. 8) result from the secondary
flow downstream from the junction.
on the global flow conductance.



Table 1
Cross-section averaged pressures before and after the junction, Fig. 6.

ePBe¼108
ePBe¼1010

Grid j11 6.28 � 107 5.89 � 109

j12 6.11 � 107 4.27 � 109

j21 2.41 � 107 1.51 � 109

j22 2.33 � 107 1.48 � 109

j23 2.35 � 107 1.35 � 109

j31 6.63 � 106 4.38 � 108

j32 6.21 � 106 4.23 � 108

j33 6.38 � 106 3.98 � 108

j41 1.41 � 107 8.00 � 108

j42 1.38 � 107 7.82 � 108

j51 4.39 � 106 2.58 � 108

j52 4.50 � 106 2.68 � 108

j53 4.32 � 106 2.54 � 108

j54 4.23 � 106 2.53 � 108

j61 1.50 � 106 8.85 � 107

j62 1.42 � 106 8.34 � 107

Rgrid 4.83 � 106 1.92 � 109

Radial j11 3.68 � 107 4.77 � 109

j12 3.24 � 107 1.46 � 109

j13 3.22 � 107 1.45 � 109

j14 3.11 � 107 1.40 � 109

Rradial 1.48 � 107 1.00 � 1010

Fig. 6. Notation of surface locations before and after junctions.

Fig. 7. Pressure distribution along six routes when Sv = 10 and Be = 108.

Fig. 8. Pressure distribution along six routes when Sv = 10 and Be = 1010.
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We show in Fig. 9a and b details of the velocity distribution near
the junction of the radial channels in the center. The left figures are
horizontal planes near the junction, in the center of the slab. The
right figures are vertical planes passing through the center. As
can be seen in Fig. 9a, the fluid flows through the junction
smoothly, and the horizontal plane shows the velocity decreases
gradually. On the horizontal plane for Be = 1010, the junction flow
is illustrated by the velocity concentrated in the left bottom corner,
and by the nonuniformity of the velocity distribution in the palm-
shaped area. The transition from Fig. 9a to b explains why junction
losses are so high when Be = 1010.

4. Hot spots

The temperature distribution in the bottom plane of the square
slab is shown in color in Fig. 2. Each triangular slice represents one
eighth of the square slab. The center of the slab is the left corner of
the triangular slice. Fig. 2a is configuration GI, while Fig. 2b is con-
figuration RI. The color images were computed for Sv = 10 and
Be = 1010.

The effect of Be on the maximum excess temperature ðeT maxÞ is
shown in Fig. 10. The positions of the hot spots ðeT maxÞ are shown
in red in Fig. 11, as follows:



Fig. 9. Velocity distribution of the radial pattern near the junction when Sv = 10 and
Be = 108, 1010.

Fig. 10. The effect of flow configuration on maximum local excess temperature.

Fig. 11. Temperature distribution in the top plane of four configurations
(Be = 108, 1010).
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GI: Corners
RI: Corners
GO: Center
RO: Center
The morphing of configuration is pursued by examining eight
cases: two Be values (108, 1010) for each of the four configurations
(GI, GO, RI, RO). The eT max values of all four configurations converge
to essentially the same limit as Be increases. While Sv is constant,
the effect of changing the flow configuration is significant when Be
is smaller than 109 and Sv is larger than 10, which corresponds to
Reynolds numbers smaller than 55 and junction losses are negligi-
ble (cf. Fig. 4).

A closer view of configuration on maximum excess temperature
is provided in Fig. 12. Frames (a) and (b) show that the ratioeT max; grid=eT max; radial is greater than 1, indicating that radial designs
are superior in the entire (Be, Sv) domain investigated numerically.
Frames (c) and (d) show that the ratio eT max; inlet center=eT max; outlet center

is greater than one for both grid and radial designs. In sum, the bet-
ter designs for shaving the temperature peaks are those with radial
channels and outlet in the center (cf. Fig. 11).

Better cooling architectures are those that have at least two fea-
tures: (1) lower hot-spot temperatures, and (2) less volume that
works at near-Tmax temperatures. The ability of the four configura-
tions to suppress the maximum temperature [feature (1)] was
shown in Figs. 10–12. In order to express feature (2) quantitatively,
we propose a new parameter r,

r ¼ Vhot

V
ð26Þ

where Vhot is the volume occupied by patches with temperatures
ðeT hotÞ located between eT max and eT hot ðeT hot < eT < eT maxÞ such thateT hot approaches eT max within 10 percent,

eT max � eT hoteT max � eT min

6 0:1 ð27Þ

Fig. 13 shows how the hot volume fraction r varies with Be and
Sv. Low r values indicate a body with little volume occupied by
high temperatures. The figure shows that configurations with inlet
in the center of the slab (GI, RI) are superior to configurations with
outlet in the center (GO, RO), provided that Be is larger than 109

and Sv is smaller than 10. When the configurations are of type
(GO, RO), the bodies vascularized with radial channels have smaller
hot volume fractions than bodies with grids, provided that Sv is
larger than 10. If the configurations are of type (GI, RI), the
improvement derived from choosing between GI and RI is minor.



Fig. 12. The effect of flow configuration on the maximum local excess temperature.

Fig. 13. The effect of flow configuration, Be and Sv on the hot volume fraction.
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At small flow rates and pressure drops (Be = 108, Sv P 10) the
volumes of configurations with inlet in the center are almost iso-
thermal and at high temperature (r ’ 1). Smaller r values are pref-
erable. When Sv = 10, the curves cross in the Be range 109 � 1010,
such that configurations with inlet in the center are preferable at
high flow rates, and configurations with outlet in the center are
preferable at low flow rates.

Because embedding channels into composite materials will re-
duce the material strength, the channel flow volume should be
optimized as well. Fig. 13 shows that when / = 0.005 (Sv = 12.6)
the channel flow volume is too small for performing the cooling
task: small r values are possible only when high pressure differ-
ence is imposed. On the other hand, when the flow volume is great-
er, / = 0.05 (Sv = 5.85), the r values fall below 0.4 even though a
low pressure difference drives the flow.

Most attractive are the vascularized designs that have low eT max

and low r at the same time. In Fig. 14a and b we shows the varia-
tion of the highest temperature versus hot volume fraction. De-
signs that approach the lower-left corner are attractive: GI and RI
are preferable when Be = 1010 and Sv 6 10. On the other hand, GI
and RI are not attractive when Be is as low as 108.

5. Pumping power

The thermofluid performance documented until now has a cost,
which can be discussed quantitatively in terms of the pumping
power that is required by each flow configuration. Because the
power required by an isentropic pump is _mDP=q, we define the
dimensionless pumping power as the product

fW ¼ ~mBe ð28Þ

Fig. 15a and b shows how the cooling objective (low eT max and
low r) is met when the pumping power is specified. The general
trend is that eT max and r decrease as fW increases. One exception
is the radial design with outlet in the center (RO) for which r in-
creases with fW when fW > 109 and Sv = 5.85.

Attractive are the designs that achieve low eT max, low r and
low fW at the same time. These designs are RO and GO for all
the cases analyzed in the (Be, Sv) domain covered by this
numerical work. Their curves come closest to the lower-left cor-
ner of the frames shown in Fig. 15a and b. The RO design is gen-



Fig. 14. Two objectives: low excess temperature and low hot volume fraction.

Fig. 15. The effect of pumping power on maximum excess temperature and hot
volume fraction.
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erally (but slightly) better than GO, with one exception: when
Sv = 5.85 and fW < 109, RO is sensibly better than the other three
configurations. When fW > 109, and Sv = 5.85, the configuration
with lowest r is RI, although the configuration with lowesteT max continues to be RO.

An alternate view of the competition between the four configu-
rations is shown in Fig. 16a and b. The three-dimensional space is
ðeT max, r, fW Þ. When Sv is fixed, each configuration is represented by
a curve in this space. The imposed pressure difference increases
along each curve, in the direction of increasing fW . Attractive are
the designs with curves that come closer to the origin of the
three-dimensional frame. The relative positions of the curves are
more visible in two-dimensional projections (Fig. 15a and b). The
merit of Fig. 16a and b is that it shows spatially how the perfor-
mance changes as the design morphs from GI to GO, RI and RO.
Constructal design focuses attention on the three directions simul-
taneously (low eT max, low r, low fW ), and this endows the designs
with strategy in the search for flow configurations that meet three
objectives at the same time.

6. Conclusions

In this paper, we studied the competition of flow configurations
in three objectives: low maximum excess temperature ðeT maxÞ, low
hot volume fraction (r) and low pumping power ðfW Þ. The four
flow configurations described in this paper are grid patterns with
inlet in the center (GI), grid patterns with outlet in the center
(GO), radial patterns with inlet in the center (RI) and radial pat-
terns with outlet in the center (RO).

We found that the effect of local junction losses is negligible
while Sv is larger than 10. Low global flow resistance is preferred
when self-healing functionality is considered. Results showed that
grid patterns are more attractive than radial configurations when
local junction losses are important. For both grid and radial de-
signs, patterns with inlet in the center have smaller global flow
resistance than configurations with outlet in the center.

For shaving the temperature peaks, configurations with outlet
in the center (GO, RO) are superior to those with inlet in the center
(GI, RI). The benefits derived from placing the outlet in the center
are significant when Reynolds numbers are small and junction
losses are negligible. If the objective is to have a low hot volume



Fig. 16. Three objectives: low excess temperature, low hot volume fraction, and
low pumping power.
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fraction, RO is the most attractive design when Sv is greater than
10 or Be is smaller than 109. In the domain where RO is not attrac-
tive, configurations with inlet in the center are superior to those
with outlet in the center, and the difference between grids and ra-
dial patterns is minor.

When the minimization of pumping power ðfW Þ is an objective,
we found that eT max and r decrease as W increases, with one excep-
tion that: r increases while RO is used and fW > 109 at Sv = 5.85.
The results suggested that RO should be applied while fW < 109.
When fW > 109, RI would be recommended to have low r, whereas
RO is still having the lowest eT max values.
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