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a b s t r a c t

This paper is a proposal to vascularize a solid wall with transverse tree-shaped channels with fluid flow
from side to side. The purpose of the fluid flow is to intercept in counterflow the solid heat conduction
caused by an intense heat flux that lands on the exit plane of the wall. Tree architectures with 1–4 levels
of bifurcation are simulated numerically, as a conjugate (convection and conduction) heat flow phenom-
enon in three dimensions. The effect of local pressure losses at junctions and entrances is included. The
numerical work covers the Reynolds number range 10–550, svelteness number range 2.2–11.5, wall
porosity range 0.01–0.1, and pressure drop number range 3 � 105–1010. The objective of the tree flow
is to keep down the peaks of hot spot temperatures and the fraction of the volume occupied by high tem-
peratures while using minimum pumping power. It is shown that the tree design is very effective, and
that there is an optimal number of bifurcation levels for a specified porosity and pressure drop number.
Tree designs are more effective than designs with parallel channels when the pressure drop number and
the porosity are sufficiently large.

� 2008 Elsevier Ltd. All rights reserved.
1. The vascularization revolution

Heat transfer has undergone several ‘‘revolutions” before
becoming classical in both education and practice. Noteworthy
examples (new waves at the time) are (i) convection, which was
triggered by Prandtl’s boundary layer theory 100 years ago, (ii)
augmentation, which was stimulated by Bergles’ organizing of a
highly diverse arena of discovery, and (iii) miniaturization, which
still goes on as a march toward micro- and nano-heat transfer con-
figurations. The literature of the last decade is showing another
change—a new page in the book of fundamentals. It is the develop-
ment of tree-shaped flow architectures for applications that in the
classical past relied on arrays of parallel channels (e.g., Fig. 1).

Tree-shaped vascularization is a significant change, because
the use of parallel channels is intuitive, simple and very popular
in engineering. And, contrary to the impression stemming from
their widespread use in microscale design of electronics today,
the parallel channels configuration is almost 200 years old. We
inherited the idea and the textbook drawing from Seguin’s 1829
invention of the locomotive boiler with a large number of parallel
tubes.

Tree-shaped paths were proposed as necessary configurations
for heat flow in 1996 [1,2]. The argument was that the miniaturi-
zation revolution will take the design of cooling configurations to
ll rights reserved.

: +1 919 660 8963. Fig. 1. Proposal to vascularize with tree-shaped flow structures the walls of turbine
blades and other bodies exposed to intense heating [3].
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Di=Diþ1 ¼ 2 ; i ¼ 1;2; . . . ;p ð1Þ

Fig. 2. Tree-shaped flow structure with three levels of bifurcation: (a) the mid plane
of the flow element; (b) the view from the left, showing the outlets; (c) the view
from the right, showing the inlet.

Nomenclature

A area (m2)
Ar hot-area (m2)
Be Bejan number, Eq. (23)
cp specific heat (J/kg K)
d smallest length scale (m)
Di channel diameters (m)
k thermal conductivity (W/m K)
~k ratio of thermal conductivities, Eq. (22)
L length (m)
_m mass flow rate (kg/s)

p number of pairing levels
P pressure (Pa)
Pr Prandtl number, Eq. (22)
q00 heat flux (W/m2)
Rei Reynolds numbers, UiDi/m
Sv svelteness number, Eq. (24)
T temperature (K)eT dimensionless excess temperature, Eq. (13)
Tr lowest temperature on the hot-area, Eq. (26)
u, v, w velocity components (m/s)
Ui mean velocities (m/s)
V total volume (m3)

Vc total volume of channels (m3)
_W pumping power (W)

x, y, z Cartesian coordinate axes

Greek letters
a thermal diffusivity (m2/s)
DP pressure drop (Pa)
l viscosity (kg/s m)
m kinematic viscosity (m2/s)
q density (kg/m3)
r hot-area fraction, Ar/A
/ porosity, void fraction

Subscripts
f fluid
in inlet
max maximum, hot spot
min minimum
out outlet
s solid
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scales so small that the cooling of every heat-generating subvo-
lume becomes an area-point or volume-point flow problem. Con-
structal theory grew from this seed, and showed that the easiest
way to flow from an infinite number of points (area, volume) to
one point is to flow as a tree. Recent reviews [3,4] show that the
field has grown at a fast pace, in several directions, and in indepen-
dent groups of investigations. For example, trees were developed
for convection on rectangular and disc-shaped bodies [5–12], fuel
cells [13,14], heat exchangers [15–20], and smart materials with
volumetric self-healing functionality [21–23].

The trend is toward finer (smaller scales) and more effective
tree architectures. Beneficiaries are the new concepts of smart
materials with new functionalities such as sensing, self-healing,
variable (designed) local transport properties, volumetric chemical
reactions, and high-density volumetric cooling. The focus of this
paper is on the use of trees for cooling, specifically for fighting
against intense heating from the side, as in thermal management
of aircraft and cooling of turbine blades (Fig. 1) [3]. In Ref. [24],
we showed that if we use parallel channels with flow oriented
against the side heat flux, it is possible to select the internal vascu-
lature of the flow system such that the solid body is protected most
effectively against overheating.

In this paper, we propose to use tree-shaped flow architectures
to prevent the overheating that would be caused by intense side
heating, Fig. 1. The fundamental question is under what conditions
is the configuration of Fig. 1 more effective than parallel channels
with flow oriented against q00. The question is fundamental because
it is relevant to vascularizing all sorts of solid walls that must be
protected against overheating. When are the tree-shaped channels
more effective than current designs, which employ parallel chan-
nels oriented across the wall? For simplicity, we consider this
problem in the steady state.

2. Model

The vascularized wall has many elemental volumes of the kind
shown in Fig. 2. The solid slab of thickness L is heated with uniform
heat flux q00 from the left side. The right side is insulated. The slab is
cooled by a single-phase fluid driven by a specified pressure differ-
ence, DP. In the example of Fig. 2 the number of pairing or bifurca-
tion levels is p = 3. The volume element has one inlet on the right
side, and 2p+1 outlets on the left side. All the channels are round,
and the diameters of the channels are sized relative to one another
in accordance with the Hess–Murray law [3,25],

1=3
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The thickness of the element in the direction perpendicular to the
figure is set equal to the spacing (d). The vertical dimension H of
the element is 2p+1d. Several volume elements stacked in the verti-
cal direction in Fig. 2 constitute a slab vascularized with line-to-line
tree structures.

The configuration of a single tree is based on the minimal-
length method proposed in Ref. [26]. This is an approximate meth-
od of constructing near-optimal trees, and its use in this work is
recommended by its simplicity and accuracy. The simplicity is that
the bifurcations turn out to have 90� angles, which make the outer
channels be collinear. The accuracy is surprisingly good, for
example, the global flow resistance of a minimal-length Y-shaped
structure exceeds by only 0.5% the global resistance of a fully opti-
mized Y construct [27]. The bifurcation angles of the fully opti-
mized Y construct are also comparable with the angles shown in
Fig. 2.
3. Numerical simulations

To evaluate the performance of the tree vasculature, we simu-
lated the flow and temperature fields as a conjugate (conduction
and convection) heat transfer steady state, by using a finite volume
CFD code [28]. The conservation equations for mass and momen-
tum in the flow spaces are
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where r2 = o2/ox2 + o2/oy2 + o2/oz2. Energy conservation in the fluid
and solid spaces is expressed by
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The heat flux imposed from the side is
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The continuity of heat flux across the solid–fluid interfaces is ex-
pressed by
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where n is the direction normal to the surface. For greater general-
ity, we determined the flow and temperature fields in dimension-
less form by using the variables

ð~x; ~y;~z; ~nÞ ¼ ðx; y; z;nÞ=L ð10Þ
ð~u; ~v; ~wÞ ¼ ðu; v;wÞL=af ð11ÞeP ¼ ðP � PoutÞL2=ðlaf Þ ð12ÞeT ¼ ðT � TminÞks=ðq00LÞ ð13Þ

where Pout is the lowest pressure (at the outlets), and Tmin is the in-
let temperature of the coolant. Written in terms of dimensionless
variables, Eqs. (2)–(9) become
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where the dimensionless groups are

Pr ¼ m
af
; ~k ¼ ks

kf
ð22Þ

The imposed pressure difference DP gives rise to another dimen-
sionless group,

Be ¼ DPL2

laf
ð23Þ

which is the pressure drop Bejan number proposed in Refs. [29,30].
The Be value is fixed because DP is fixed. Note that this group is the
same as the dimensionless inlet excess pressure eP defined in Eq.
(12). The dimensionless conjugate heat transfer was solved
with segregated solid energy solver and the segregated fluid flow
and temperature solvers that the CFD code [28] provides. The con-
vection terms were discretized using the second order upwind
scheme with the secondary gradient option being enabled. An alge-
braic multigrid (AMG) algorithm was used to solve the linear
matrices.

The numerical simulations were conducted in the nondimen-
sional parametric domain represented by Pr = 6, ~k ¼ 30, and
Be = 106–1010. The volume fraction (or porosity /) occupied by all
the channels was set at 0.05. For example, the pressure drop is in
the range 1.3–1.3 � 104 Pa, and the hot spot (excess temperature)
in the range 304–410 K when Tmin = 300 K, L = 0.01 m, q00 = 105 W/
m2, and the solid is stainless steel and the fluid is liquid water.

The resulting flow rates were such that the Reynolds numbers
based on channel diameters (Rei = UiDi/m) were less than 103. These
parameters are the same as in an earlier study of parallel channels
across the wall [24], and justify the comparison between trees and
parallel channels.

The objective of the simulations was to determine the effect of
the tree architecture design on the temperature field in the vascu-
larized volume. The temperature distribution will always be non-
uniform. The search is for designs that depress the temperature
peaks (the hot spots) to the lowest levels possible. The question
is whether tree-shaped architectures maintain a relatively more
uniform temperature distribution than parallel channels.

Tree configurations for convection have been studied originally
by assuming fully developed laminar flow in all the channels. Junc-
tion and entrance losses become nonnegligible when the channels
are short and numerous. It was shown that the effect of junction
losses cannot be neglected when the global geometric property
(the svelteness number [31])



Fig. 3. Pressure distribution and mass flow rates along the channels of a tree with
p = 3, / = 0.05 (Sv = 5.2) and Be = 109.
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Sv ¼ external flow length scale
internal flow length scale

¼ L

V1=3
c

ð24Þ

is less than the order of 10. In the Sv < 10 domain, full numerical
simulations of the flow near every junction and corner are neces-
sary. This is the method used in the present study. The total flow
volume Vc and corresponding porosity (/ = 0.01–0.1) were such that
Sv was in the range 2.2–11.5.

It is worth noting that the svelteness is a global property of the
entire tree flow architecture, not the slenderness of one of the
channels. The tree has many channels, each with its own, optimal,
L/D ratio. And even when there is only one flow feature (one chan-
nel) in the drawing (as in arrays of parallel channels), the slender-
ness of the channel (L/D) is not the same as the svelteness of the
drawing, Sv � L/(D2L)1/3 � (L/D)2/3. Svelteness is a global property
of the entire drawing, that is the flow channels and their back-
ground (interstices), while slenderness is a property of a single
channel. The merit of the Sv concept stems from the fact that it de-
scribes the entire flow architecture, and that it tells when the
architecture as a whole suffers from nonnegligible junction losses
[31].

Another flow feature that becomes accentuated when Sv < 10 is
the nonuniformity of the flow rates through channels of the same
rank. The nonuniformity is due to the asymmetry of each Y-shaped
construct: because of inertia, more fluid flows along the straight
(continuation) channel downstream from every bifurcation. The
important development that we report here is that flow-splitting
asymmetry is actually beneficial for the purpose of making the
temperature field more uniform. Flow asymmetry places the larger
flow rates in the outer channels, and it is here, around the outer
channels that the conducting solid has relatively less vasculariza-
tion and tends to overheat.

Because Sv was not large, junction losses were important: their
presence is illustrated in Fig. 3 for a tree structure with three bifur-
cation levels, / = 0.05 and Be = 109 (Sv = 5.2). Because of the asym-
metric Y-shaped junctions, significant pressure losses occur at the
junctions, especially when the flow makes a 90� turn. Flow nonuni-
formity is another result of the turns. Compare, for example, the
flow rates downstream of junction A, namely _m2= _m02 ¼
0:59=0:41 ¼ 1:44. Similar flow imbalances occur downstream of
junctions B and C, where _m3= _m03 ¼ 1:42 and _m4= _m04 ¼ 1:59,
respectively.

How the tree architecture shaves the hot spots is illustrated by
the p = 4 structure shown in Fig. 4. This is the temperature distri-
bution in the mid plane of the slab. The hot spots occur in the
two extreme corners of the tree canopy. The tree-shaped flow
intercepts the heat flux, and prevents it from advancing by conduc-
tion toward the right side of the slab.

4. Trees versus parallel channels

The following is a systematic presentation of the results, from
the simplest to the more complex architectures. Fig. 5 and Table
1 report the hot spot temperatures in the design with one bifurca-
tion level. The construction of the dimensionless group used on the
ordinate of Fig. 5 is recommended by the scale analysis for cooling
with parallel channels [24]. The dashed-line shows that the hot
spots become colder as the applied pressure difference and the
resulting flow rates increase. The log–log relation between eT max

and Be is not a straight line. This finding differs from the solid line
drawn for parallel channels, which is nearly straight. The reason
why the two lines differ is that the line for parallel channels repre-
sents the locus of configurations with optimized spacings. The per-
formance curve for a single configuration with fixed (assumed)
parallel channels spacing is a curve with positive curvature, which
is tangent to the solid line [24]. Such a curve (not shown) would be
analogous to the dashed curve drawn here for the tree structure,
because the tree structure is assumed, i.e., it is not optimized be-
yond the minimal-length design of Ref. [26]. Said another way,
the solid line is the envelope (the locus of the best designs) of
the curves that could be drawn for parallel channels with assumed
spacings. Along the solid line, the optimized channel spacing varies
[24].

We used this idea and continued the study by constructing the
envelope for the dashed curves of the tree structures. We did this
by varying the number of pairing levels, p. The results are projected
as solid lines in Fig. 6. Each constant-p curve is similar to the p = 1
curve shown in Fig. 5. Svelteness varies from 2.8 (at p = 1) to 6.7 (at
p = 4). The envelope of the curves is a straight line, which is plotted
with dashed-line. The envelope suggests that lower eT max levels are
achievable not only with more pressure (Be) but also with a higher
p, i.e., with more complex tree architectures.

The dashed-line envelope of Fig. 6 has been added projected in
Fig. 7 on top of the envelope for parallel channels with optimized
spacings. The two lines intersect at approximately Be ffi 3 � 107.
When the specified pressure difference is such that Be P 3 � 107,
tree-shaped designs promise lower eT max values than parallel chan-
nels. In order to derive maximum benefit from using trees, how-
ever, an optimal pairing level should be selected at a given
pressure difference. The pairing level is marked with circles on



Fig. 4. Example of temperature distribution in the mid plane of a design with four
levels of bifurcation (/ = 0.05, Be = 3 � 108).

Fig. 5. The overall temperature differences eT max for two designs: trees with one
bifurcation level and parallel channels with optimized spacings.

Table 1
The overall temperature difference eT max for trees with one bifurcation level and for parall

Configurations Be = 3 � 105 Be = 106 Be =

Tree channels 4.164 2.068 1.35
Parallel channels 2.459 1.494 –

Fig. 6. The envelope of the hot spot curves for tree structures with p = 1, . . .,4, and
/ = 0.05.

Fig. 7. Summary of the best designs with trees and parallel channels with
optimized spacings and / = 0.05.
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the dashed-line envelope. For example, the upper detail in Fig. 6
shows that when Be = 108 the best tree configuration has three
pairing levels. The same conclusion is derived from Table 2 and
Fig. 8. Table 2 shows that when Be = 108 a tree design with three
el channels with optimized spacings

3 � 106 Be = 107 Be = 3 � 107 Be = 108

8 0.962 0.800 0.677
0.601 – 0.269



Table 2
The overall temperature difference eT max for tree-shaped structures and parallel
channels with optimized spacings

Be Parallel Trees, p = 1 Trees, p = 2 Trees, p = 3 Trees, p = 4

106 1.494 2.068
107 0.601 0.962 0.700 1.182
108 0.269 0.677 0.337 0.244 0.299
109 0.124 0.141 0.095

Fig. 9. The envelope of the hot spot curves for tree structures with / = 0.02.
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pairing levels improves by 9% the performance of parallel channels,
but that the tree designs with p = 1, 2, and 4 are inferior to parallel
channels with optimized spacings. The color illustrations in Fig. 8
show the temperature distributions in the bottom plane of the slab
and the pressure distributions in the mid plane of the channels.
Trees with p = 3 perform better because in this case the tempera-
ture distribution has least red area, i.e. least hot-area.

5. The effect of porosity

The porosity is an important architectural and mechanical
strength feature that was held fixed at / = 0.05 in the designs of
Figs. 5–8. We investigated the effect of porosity by repeating the
work of Figs. 5–8 for three additional porosities, / = 0.1, 0.02, and
0.01. The thermal performance of trees with / = 0.02 is reported
in Fig. 9. The curves and their dashed-line envelope are similar to
what we showed in Fig. 6, but their position on the graph is
different.

Fig. 10 compares the dashed-line envelope of Fig. 9 with the
envelope for parallel channels with optimized spacings and /
= 0.02. This figure is similar to Fig. 7, however, the intersection of
the two envelopes occurs now at Be ffi 4 � 108. In other words,
when / decreases the intersection of the envelopes shifts to a high-
er Be value, and to a higher p value for the tree design that lies on
the envelope at the intersection.

The corresponding results for / = 0.1 and 0.01 are not shown
because they are qualitatively the same as in Figs. 7 and 10. The
Fig. 8. The temperature distribution in the bottom plane and the pressure dist
points (/,Be) where tree designs and parallel channels compete
on an equal basis are reported in Fig. 11, along with the intersec-
tions viewed in Figs. 7 and 10. These points are indicated with cir-
cles, and trace a nearly straight line (/ ffi 40Be�0.4) that divides the
design space (/,Be) into two domains. Parallel channels offer lowereT max values when the design (/,Be) falls below the line. Tree-
shaped designs are preferable above the line. The dashed lines indi-
cate the bands of tree designs (p) that fill the (/,Be) space. The
intersections of the dashed lines with the solid line indicate the
complexity (p) of the trees that perform as well as the parallel
channels when Be (or /) is specified.
ribution in the mid plane of trees with p = 2, 3, and 4 (/ = 0.05, Be = 108).



Fig. 10. Summary of the best designs with trees and parallel channels with
optimized spacings and / = 0.02.

Fig. 11. Summary of the intersections of the envelopes (e.g., Figs. 6 and 9): the
(/,Be) domains in which trees and parallel channels are superior.

Fig. 12. Example of hot-area (Ar) occurring in the bottom plane of a vascular design
with / = 0.02, p = 3, and Be = 108.
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6. The area fraction occupied by high temperatures

The thermal performance evaluated and maximized up to this
point was based on minimizing the temperature of the hot spots.
To lower the temperature peaks means to decrease the overall
temperature difference across the flow system, and this translates
into decreasing the global thermal resistance of the cooling flow
architecture.

When cooling is required in order to maintain the mechanical
strength and physical integrity of the structure, low temperature
peaks are not the only attractive thermal design feature. More
important is to decrease the amount of material that is threatened
by high temperatures. Here we propose to evaluate this aspect of
thermal performance by defining the hot volume fraction
r ¼ Vr

V
ð25Þ

If Tmax and Tmin are the highest and lowest temperatures recorded in
V, then there is a smaller volume (Vr) that houses the points that
have temperatures close to Tmax but not equal to Tmax. We chose
Vr such that the excess temperatures inside Vr (namely Tr � Tmin)
are greater than 90% of the largest excess temperature
(Tmax � Tmin):

Tr � Tmin P 0:9ðTmax � TminÞ ð26Þ

In the present work, the volume is almost two-dimensional, so
that instead of the volume ratio (25) we use the area ratio r = Ar/A.
The area A is the area of a plane section parallel to the tree struc-
ture, for example the bottom (or top)-plane of an element
(Fig. 2), where the hot spot occurs. An example is shown in
Fig. 12. The smaller area (Ar) is defined by the points with temper-
atures Tr. The hot spot (Tmax) is one point, which occurs in the
upper-right corner. The hot-area (Ar) is a layer (a two-dimensional
volume) that forms ‘‘under the skin”, i.e. under the surface exposed
to intense heat flux. The hot layer is thicker in the vicinity of the
hot spot, but that is not its only message. We learn from Fig. 12
that the tree structure used in the present designs could be bent
optimally so that it might spread Ar more uniformly under the
wall. This direction of future development is sketched with dotted
lines in Fig. 12.

On the basis of temperature fields such as Fig. 12, we evaluated
r as an alternative to eT max for all the tree configurations presented
in the preceding sections. The r–Be alterative to Fig. 6 is presented
in Fig. 13. For a given Be value, the hot-area fraction decreases
sharply as the imposed pressure difference increases. The hot-area
fraction is larger when the tree structure has more levels of bifur-
cation. Fig. 14 shows the same r–Be trends for a lower porosity (/
= 0.02): this figure is the counterpart of the eT max—Be results pre-
sented in Fig. 9.

An interesting view emerges when we combine the two evalu-
ation methods, and plot eT max versus r for the same /. For example,
Fig. 15 was drawn by combining Figs. 6 and 13. This means that Be
increases as the points slide down along each constant-p curve.
Fig. 16 was drawn similarly, by combining Figs. 9 and 14.

Good thermal protection against intense heating from the side
means that both low-eT max and low-r are attractive if they occur
simultaneously. Figs. 15 and 16 tell us that this double objective
is reachable more easily when the design relies on tree architec-



Fig. 13. The hot-area fraction r for tree structures with / = 0.05.

Fig. 14. The hot-area fraction r for tree structures with / = 0.02.

Fig. 15. Peak temperatures and hot-area fractions when / = 0.05.

Fig. 16. Peak temperatures and hot-area fractions when / = 0.02.
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tures with more levels of pairing (p). This is important to know, in
addition to the earlier message about p conveyed by Fig. 11.

7. Flow resistance and pumping power

If the vascular design is deployed over the entire surface of a
system that needs thermal protection against intense surface heat-
ing, then the pumping power required by the vasculature may be
an important aspect to consider. Here we report the global fluid
flow performance of the tree designs discussed until now from a
thermal point of view.

The total mass flow rate ð _m1Þ driven by the imposed DP through
the tree structure defined in Fig. 3 is represented by the dimen-
sionless mass flow rate
~m ¼
_m1

Pr�1/2lL22p=ð2p � 0:5Þ4
ð27Þ

The pressure difference is represented by Be. The ratio ~m=Be is the
global conductance to fluid flow. Fig. 17 shows that the flow con-
ductance is essentially constant when Be is small, and decreases
when Be increases. This is another illustration of the effect of local
pressure losses (e.g., Fig. 3), which become nonnegligible as Be
and ~m increase. The plateau exhibited by ~m=Be in the low-Be limit
is consistent with the low Reynolds number limit, where the overall
DP is due to fluid friction distributed along the walls of the
channels.

In summary, the global fluid flow performance is condensed in
the value calculated for ~m when Be, p and / are specified. An alter-
native measure is the pumping power ð _W ¼ _m1DP=qÞ, which in
dimensionless form is represented by the group

fW ¼ ~mBe ð28Þ



Fig. 17. The global fluid flow conductance of tree-shaped designs.

Fig. 18. Peak temperature and hot-area fraction versus pumping power.
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Plots of flow conductance ð ~m=BeÞ, with fW on the abscissa look sim-
ilar to Fig. 17, and are not shown. The curves of eT max versus fW
(Fig. 18) are similar to eT max versus Be (Fig. 6). Fig. 18 also shows
how the hot-area fraction varies when the pumping power is a
parameter: the trends are the same as in Fig. 13. When the available
pumping power increases, lower eT max and r can be achieved by
using tree structures with more levels of pairing, i.e. finer
structures.
8. Conclusions

In this paper, we investigated the merits of the proposal to vas-
cularize a wall with transversal trees so that it can withstand in-
tense heating from one side. The flow of the coolant through the
tree vasculature is oriented against the wall. The hottest spots oc-
cur on the face that is exposed to intense heating; however, their
temperature levels can be minimized through the selection of the
type of tree architecture.

Comparisons with the thermal performance of corresponding
configurations that use optimized parallel channels (oriented
across the wall) showed that tree-shaped channels are more
attractive than parallel channels when the imposed DP (or Be)
and architecture porosity (/) are large (Fig. 11). Parallel channels
are the better performers when Be and / are sufficiently small.

The existence of this ‘‘transition” between best configurations is
a fundamental result because it is the essence of technology evolu-
tion [3]. Future research may determine how the transition line
shifts as one ventures outside the domain covered by this study
ð~k; Pr;BeÞ, and as the flow regime in the channels changes. Trees,
like parallel channels, are not for every application, and not for
all scales. Because engineering always calls for the best flow archi-
tecture possible, the emerging flow configuration changes when
the application and its size change. This conclusion is the key to
solving the ‘‘scaling up” problem in engineering design [3].
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