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Constructal Microdevice
Manifold Design With Uniform
Flow Rate Distribution by
Consideration of the Tree-
Branching Rule of Leonardo da
Vinci and Hess–Murray Rule
In this paper, we show how the design of a microdevice manifold should be tapered for
uniform flow rate distribution. The designs based on the tree-branching rule of Leonardo
da Vinci and the Hess–Murray rule were considered in addition to the constructal design.
Both da Vinci and Hess–Murray designs are insensitive to the inlet velocity, and they pro-
vide better flow uniformity than the base (not tapered) design. However, the results of
this paper uncover that not only pressure drop but also velocity distribution in the micro-
device play an integral role in the flow uniformity. Therefore, an iterative approach was
adopted with five degrees-of-freedom (inclined wall positions) and one constraint (con-
stant distribution channel thickness) in order to uncover the constructal design which
conforms the uniform flow rate distribution. In addition, the effect of slenderness of the
microchannels (Svelteness) and inlet velocity on the flow rate distribution to the micro-
channels has been documented. This paper also uncovers that the design of a manifold
should be designed with not only the consideration of pressure distribution but also
dynamic pressure distribution especially for non-Svelte microdevices.
[DOI: 10.1115/1.4036089]

1 Introduction

The trend of miniaturization and advanced microelectrome-
chanical systems (MEMS) require microdevices with uniformly
distributed flows. These microdevices can be used in distinct fields
such as microanalysis chips (deoxyribonucleic acid (DNA) decod-
ing and on-site environmental monitoring systems) [1–6] and cool-
ing [7–14]. In addition, these devices are essential for gaining
advanced capabilities such as self-healing and self-cooling to engi-
neered systems [15–18]. Vascularized structures with uniform flow
rate distribution would eliminate the risk of hot spots and unhealed
regions for self-cooling and self-healing applications.

Cetkin et al. [19] documented analytically that the uniform flow
rate distribution and minimum pumping power requirement can be
achieved with tapered channels in turbulent flow with the assump-
tions of Svelte designs and continuous discharge along the distrib-
uting channel. Later, Cetkin [20] showed analytically that the
tapered channels also provide uniform flow rate distribution in
laminar flow. He also documented the diameter profile of the dis-
tributing channel for uniform flow rate distribution with continuous
discharge. Tonomura et al. [1] proposed a computational fluid
dynamics (CFD)-based optimization method for plate-fin micro-
devices. They documented that the longer microchannels provide
better flow uniformity with tapered channels and thicker collecting
channel. Their automatic shape optimization procedure includes
one degree-of-freedom. Later, Huang et al. [21] suggested that
using two third-order polynomial functions for tapering the dis-
tributor and collecting channels in a plate-fin microdevice pro-
vides better flow uniformity than using lines. They found uniform

flow rate designs for one inlet velocity (0.5 m/s) and for one Svelte
design (4.5 mm microchannel length). Therefore, the literature lacks
documentation of how the flow uniformity in plate-fin microdevices
in non-Svelte designs for various inlet velocities can be achieved.

Constructal law stated by Adrian Bejan in 1996 [22] expresses
that the flow domain should be dynamic (free to change) in order
to facilitate the best performance in any time. This law has been
adapted to many distinct fields such as engineering [23–27], biol-
ogy [28–30], geology [31,32], and social dynamics [33,34] in
order to both understand the nature and engineer the best
performing designs for the given set of conditions and constraints.
The current literature shows that the constructal designs are the
designs with the minimum flow resistances (maximum flow acces-
sibility) under the given constraints. For instance, the lung
distributes air to a large number of alveoli (constraint) with the
minimum flow resistance (objective) [35]. In addition, the con-
structal designs are similar to the designs seen in the nature (i.e.,
not biomimicry, but the designs found by the theory overlaps with
the designs in the nature) [36–38].

This paper uncovers how the flow uniformity in plate-fin micro-
devices can be acquired for Svelte and non-Svelte designs for var-
ious inlet velocities. Two rules based on the branching thicknesses
(tree-branching rule of Leonardo da Vinci and Hess–Murray rule)
are considered in order to uncover the design which provides the
most uniform flow rate distribution (constraint). These designs are
insensitive to the inlet velocity (Hess–Murray design has one
exception that the design should change when the flow regime is
altered from laminar to turbulent). Later, an iterative approach
based on the constructal law is adapted to uncover the design with
the most uniform flow rate distribution.

2 Model

Consider the microscale manifold design shown in Fig. 1. The
fluid enters from the inlet boundary, and it is distributed to the
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five channels. Then, it is collected, and leaves the manifold from
the outlet port. The width of the distributing and collecting chan-
nels is D ¼ 500 lm, and the height of the daughter channels and
the spacing in between them are d ¼ 100 lm. The length of the
daughter microchannels is L ¼ 1:5 mm. The properties of the fluid
are constant. The density and the dynamic viscosity of the fluid
are q ¼ 998:2 kg=m3 and l ¼ 0:001 kg=ðm sÞ. The numerical
solution domain is two-dimensional. The fluid flow is steady state,
incompressible, and laminar. With all these in mind, the conserva-
tion of mass and momentum equations become as follows:
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where r2 ¼ @2=@x2 þ @2=@y2, x and y are spatial coordinates,
and u and v are the velocity components corresponding to these
coordinates, respectively. P, �, and q are the pressure, kinematic
viscosity, and density. Fluid enters into the manifold with 1 m/s
uniform velocity profile from the inlet surface of length D as
shown in Fig. 1. Then the fluid is distributed to the five daughter
channels of thickness d. After, the fluid moves along the channels
of diameter d, and they are collected at the main collector of
length scale D. Fluid exits from the main collector via outlet sur-
face. The outlet surface is a pressure boundary condition with the
gauge pressure defined as zero. The rest of the walls are defined as
no slip boundaries, i.e., fluid stagnates on the wall.

The governing equations for the fluid flow were solved numeri-
cally by a finite element software [39]. The grid was nonuniform
with boundary layer mesh elements in order to uncover the gradi-
ent changes near the boundaries with minimum number of mesh

elements. The residual was imposed as 10�7 in the numerical soft-
ware. Table 1 shows the ratio of the volumetric flow rate for each

channel ðViÞ divided by the average volumetric flow rate ðV ¼
P5

1 Vi=5Þ relative to the number of mesh elements. Two criteria
were selected for deciding that the solution is mesh independent,
absolute of the relative error for the flow rate in each channel

should be in the order of 10�3, jðVnþ1
i � Vn

i Þ=Vn
i j � 10�3, and the

relative error of the average flow rate calculated from the simula-
tions in comparison with the exact value should be in the order of

10�3, jðVn � V
exactÞ=V

exactj � 10�3. These criteria are conformed

with 43,030 number of mesh elements. Therefore, it is concluded
that the numerical solutions are mesh independent.

Figure 1 shows how Vi=V ratio varies for each channel as the
number of mesh elements increases from 2732 to 43,030. In addi-
tion, Fig. 1 shows that the simulation results of the current study
with 2732 number of mesh elements are in good agreement with
the numerical study results of Ref. [1], i.e., the maximum relative
error is 0.79%, which corresponds to the channel number of 5.
However, Table 1 shows that the 43,030 number of mesh elements
do not only demonstrate mesh independency but also conforms
the accurate average flow rate calculations. Therefore, even
though the 2732 number of mesh elements yield almost the same
results with the results of Ref. [1], it is decided to use finer mesh
elements in the current study.

3 Non-Svelte Manifolds

Achieving the uniformity in fluid distribution is more complex
in non-Svelte manifolds rather than Svelte ones. In Svelte mani-
folds, the majority of the pressure drop is due to continuous chan-
nels as shown in Ref. [40]. For instance, Fig. 1.2 of Ref. [40]
shows that the pressure drop due to the local losses decreases less
than 5% when Svelteness is greater than 10 and 50 for fully devel-
oped laminar and turbulent (f¼ 0.01) flows. Therefore, the effect
of local losses due to the distribution diminishes as a manifold
becomes slender (as Svelteness increase). Here, we uncover how
the uniform distribution of a fluid stream in a non-Svelte manifold
can be achieved.

Consider the non-Svelte manifold design of Fig. 1. However,
the shape of the main distributing and collecting channels is no
longer constant, i.e., varies along the flow direction. Literature
shows how tapering a channel would enable the uniform fluid dis-
charge along the channel [19,20]. However, it should be noted
that there are five channels in which fluid is distributed and col-
lected, i.e., the flow discharge along the distributor channel is not
continuous. Therefore, there are designs which would provide bet-
ter flow uniformity than the tapered designs mentioned in the
literature.

First, the collecting and distributing channels are tapered by
using the tree-branching rule of Leonardo da Vinci [41,42].
Leonardo da Vinci considered that the summation of the cross
sections of the branches at any height should be equal to the thick-
ness of the trunk. Therefore, if there is a new branch attached to
the distributor channel, then the thickness of the main distributing
channel should be decreased with that amount. Likewise, if a
branch is connected to the collector channel, the thickness of the
collector should increase with the same amount. The manifold
design in Fig. 2(a) represents how the non-Svelte manifold of
Fig. 1 was altered by using the da Vinci‘s branching rule. Note
that the change in the cross section is not sudden but along the
thickness of the microchannel with inclined walls of 45 deg as
shown in Fig. 2(a). The reason for that is in order to mimic if the
smallest branch is a fiber with a given thickness, i.e., there should
be a curvature where the fiber is bending as it is leaving from the
main branch. This transitional change in the cross section is also
used for eliminating sudden changes in the pressure and directing
the fluid to the channels. Figure 2 shows that the maximum devia-
tion of flow rate in each channel divided by the average flow rate
becomes at least 10% better in comparison with the performance
of manifold design of Fig. 1 by using the branching rule of da
Vinci. Figure 2(b) also shows how the volumetric flow rate over
the averaged volumetric flow rate for each channel varies when
only main distributing or collecting channel cross sections were
varied by using the branching rule. In addition, Fig. 2(b) shows
that tapering only the distributing channel would yield the same
flow rate uniformity with tapering both collecting and distributing
channels. However, tapering only the collecting channel results in
worse flow uniformity than the all the other designs including the
design of Fig. 1. This result is reasonable because the flow rate is
minimum at the channel 1 and it increases from 1 to 5 in the base

Fig. 1 Comparison of Vi=V ratio for each channel in current
study and Ref. [1]
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design of Fig. 1. This shows that the flow resistances are decreas-
ing from channels 1 to 5. Tapering only the collecting channel
increases the flow resistances for channels where it is already high
(channels 1 and 2) and decreases the flow resistances where it is
low (channel 4 and 5). Therefore, the difference of the pressure
drop values for each channel increases, and so is the flow
nonuniformity.

Next, consider the same tapering concept by using Hess–
Murray rule. The thickness of the distributing channel is
decreased at the junction of each branch. Therefore, the distribut-
ing channel thickness varies nonuniformly. di represents the
decrease in the thickness of the distributed channel connected to
each microchannel, i.e., subindices of i correspond to the channel
numbers as shown in Fig. 3(a). Similar to the branching rule of da
Vinci, the distributing channel is tapered with inclined walls.

However, the slope of walls varies based on the thickness of the
distributing channel.

Hess–Murray rule uncovers how the diameter ratio at the junc-
tions should be when a mother tube gives birth to n number of
daughter tubes in order to minimize the flow resistances. How-
ever, in the current study new branches appear one by one along
the distributing channel. Therefore, the diameter ratio at the junc-
tions is not expected to be 21=3 as it is documented in the literature
when one mother tube gives birth to two identical daughter tubes
[40]. Therefore, the effect of this thickness ratio should also be
documented.

Figure 3 documents flow rate value of the each channel divided
by the average flow rate value when the diameter ratio at the junc-
tions varies based on the Hess–Murray rule. In addition, only the
distributing channel is tapered as shown in Fig. 2 that tapering
both the distributing and collecting channels in da Vinci design
provided the same flow rate distribution in microchannels. All the
diameter ratios correspond better flow uniformity in comparison
with the nontapered design of Fig. 1. However, the difference in
the flow rate of each channel in comparison with the average flow
rate decreases from 17% to 5% as the diameter ratio is decreased

from 21=3 to 21=6. In addition, Fig. 3 shows that the flow rate at
channels 1 and 2 increases as the diameter ratio is big such as

21=3, and the flow rates of channels 1 and 2 become in the same
order of channels 5 and 4, respectively, as this ratio decreases to

21=6. Figure 3 also shows that the flow rate at channel 4 and 5
increases as the flow rate of channels 1 and 2 decreases. Decreas-

ing the diameter ratio from 21=6 to 21=7 increases the maximum

deviation ðjðV � VmaxÞj=VÞ of the flow rate.
Figures 2 and 3 show that the designs altered with branching

rule of Leonardo da Vinci and Hess–Murray rule provide better
flow uniformity in comparison with the base design of Fig. 1.
However, the flow rate in each channel is maximum 5% different
than the average flow rate in both da Vinci and Hess–Murray
designs. Constructal law suggests that the design should be freely
morphed in order to achieve minimum flow resistances. da Vinci
and Hess–Murray designs uncovered that tapering the distribution
channel with inclined walls provides better flow uniformity in
microdevice channels. Combining the constructal approach with
the results of da Vinci and Hess–Murray designs suggest that
inclined walls which can be freely morphed may uncover the
design which has the best flow uniformity. Therefore, an iterative
approach based on the constructal law is adapted. The positions of
the inclined walls are freely changed with the constraint of they
should stay in the predefined distribution channel thickness
(D ¼ 500 lm), i.e., five degrees-of-freedom and one constraint.
The thickness of the distributor at the junctions each microchannel
is decreased or increased depending on whether the flow rate is
greater or smaller than the average flow rate. Maximum 1% error
in between the average flow rate and the individual channel flow
rates was dictated as the ending criterion of the iterations. After
ten iterations, the design with maximum 0.8% relative flow rate
difference was found, which is shown and drawn in scale in
Fig. 4. Figure 4 shows the summary of flow rate distribution of
the four competing designs for 1.5 mm microchannel length and
inlet velocities of 0.5, 1, and 2 m/s. Both da Vinci and

Table 1 Ratio of the volumetric flow rate for each channel over the average flow rate relative to the number of mesh elements

Vi=V ratio corresponding to the number of mesh elements

Channel number 2732 3984 6394 16,058 43,030 47,340
1 0.833161 0.830804 0.818880 0.808809 0.801220 0.800886
2 0.922030 0.908492 0.905058 0.901372 0.897845 0.897290
3 0.988936 0.978209 0.985329 0.986181 0.985651 0.985736
4 1.077002 1.077012 1.092894 1.096498 1.099770 1.099272
5 1.178868 1.205481 1.197837 1.207138 1.215512 1.216813
V ðm2=sÞ 9.23� 10�5 9.60� 10�5 9.78� 10�5 9.95� 10�5 1.00� 10�4 1.00� 10�4

jðV n � V
exactÞ=V

exactj 0.0774 0.0405 0.0219 0.0050 0.0016 0.0017

Fig. 2 (a) Geometry of the manifold with tapered distributing
channel with the branching rule of da Vinci and (b) flow rate in
each channel divided by the average flow rate for tapered col-
lecting channel (triangle), tapered distributing channel (square),
and tapered distributing and collecting channels (diamond),
and nontapered design of Fig. 1 (circle) with 1.5-mm microchan-
nel length and 1 m/s inlet velocity
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Hess–Murray designs performs better than the base design. How-
ever, when the inlet velocity is 0.5 m/s, Hess–Murray design pro-
vides 1% better flow uniformity, i.e., the maximum deviation in
the flow rate ðjðV � VmaxÞj=VÞ is 1% smaller in Hess–Murray
design than the da Vinci design. Constructal design performs the
best (maximum deviation of flow rate in each channel is the mini-
mum) in comparison with the all other designs. In addition, the
selected error margin can be decreased and a design with lower
maximum deviation of flow rate in each channel can also be found
depending on the application. Constructal design of Fig. 4 shows
that the thickness of the distributing channel should suddenly
decrease at first and then the change in the thickness becomes
smoother unlike in da Vinci and Hess–Murray designs.

Inlet velocity also affects the flow rate distribution to each
microchannel. As the inlet velocity decreases, the flow rate distri-
bution becomes more uniform in the base design, i.e., the maxi-
mum deviation of the flow rate decreases to 13% from 20%.
Similarly, this deviation in da Vinci and Hess–Murray designs
increases 2% and 3%, respectively. Even though the constructal
design also provides the minimum of this maximum deviation in
0.5 m/s velocity, it is 2% different than the exact value of the aver-
age velocity. However, it should be noted that the constructal
design was iteratively found for 1.5-mm microchannel length and
1 m/s velocity. Therefore, change in the performance is expected
as these parameters change. In addition, a new constructal design
should be iteratively found for each inlet velocity and microchan-
nel length scale. For the sake of simplicity, the constructal design
of Fig. 4 is labeled as the constructal design except it is specified.
It should also be noted a better performing design could be found
for each set of design criteria by following the same iterative
approach.

In addition, Fig. 4 also shows how the flow rate in each micro-
channel is affected when the inlet velocity is increased from 1 m/s
to 2 m/s. Flow nonuniformity in microchannel increases for each
design as the inlet velocity increases. The maximum deviation in
the flow rate in comparison with the average flow rate becomes
30%, 14%, 8%, and 6% for the base, da Vinci, Hess–Murray, and
constructal designs with 2 m/s inlet velocity, respectively. Figure 5
shows how the summation of the deviations in each channels and
the maximum deviations vary for the competing designs with (a)
0.5 m/s, (b) 1 m/s, and (c) 2 m/s inlet velocities. The maximum
deviation and the summation of the resistances are the smallest
with constructal design. This result shows that even the

Fig. 3 (a) Geometry of the manifold with tapered distributing
channel with Hess–Murray rule and (b) flow rate in each channel
divided by the average flow rate for tapered distributing channel
with 1.5-mm microchannel length and 1 m/s inlet velocity

Fig. 4 Flow rate in each channel divided by the average flow
rate for four competing designs: design of Fig. 1 (circle), da
Vinci (square), Hess–Murray with 21=6 thickness ratio (dia-
mond), and constructal design (cross) with the inlet velocities
of (a) 0.5 m/s, (b) 1 m/s, and (c) 2 m/s
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constructal design was iteratively found for 1 m/s inlet velocity, it
provides the best flow rate uniformity (minimum of the maximum
deviation) in comparison with the other competing designs. In
addition, Fig. 5 shows that the maximum deviation is smaller in
da Vinci design than the Hess–Murray design with 0.5 m/s. Fur-
thermore, Fig. 5 shows that the design of manifold is a function of
inlet velocity for uniform distribution of the fluid. Therefore,
unlike in the literature, not only pressure distribution should be
considered for flow uniformity [1,19–21].

4 Svelte Manifolds

Consider the microdevice shown in Fig. 1 with longer micro-
channel lengths 4.5 and 13. 5 mm instead of 1.5 mm. The micro-
channels become slender (Svelte) as the length scale increases
while its thickness (or diameter) is constant. Therefore, the contin-
uous pressure drop along the microchannels increases greatly, and
the pressure drop at the junctions becomes negligibly small in
comparison with the continuous pressure drop as the designs
become slender. This indicates that the effect of local pressure
drop diminishes as the design becomes slender, and the manifold
design effect on the flow uniformity also diminishes. The current
literature only uncovers how the manifold shape should be for
Svelte microdevices for limited inlet velocities, i.e., Ref. [21] only
considers 0.5 m/s inlet velocity. The best designs in the literature
also includes increased thickness for the collecting channel; there-
fore, their surface area is greater than the designs mentioned in
the current study.

Figure 6 shows how the flow rate along each channel divided
by the average flow rate varies for four competing designs intro-
duced in Fig. 4 when the microchannel length scale is 4.5 mm.
Figure 6(a) documents the flow rates when the inlet velocity is
0.5 m/s. Similar to Figs. 4 and 5, the base design performs the
worst and the constructal design performs the best in terms of uni-
form distribution of flow rate. In addition, Figs. 6(b) and 6(c)
shows how the flow rate is distributed along microchannels
when the inlet fluid velocity is 1 and 2 m/s. Similar to Fig. 6(a),
Figs. 6(b) and 6(c) also show that the flow uniformity increases as
the design is altered from the base design to the constructal
design. Both da Vinci and Hess–Murray designs perform better
than the base design but worse than the constructal design in terms
of flow uniformity. Comparison of Figs. 6(a)–6(c) shows that the
constructal design provides better flow uniformity when the inlet
velocity is 1 m/s. This is expected because the constructal design
was iteratively found for 1.5-mm microchannel length scale and
1 m/s inlet velocity.

Huang et al. [21] shows that when the microchannel length
scale is 4.5 mm and inlet velocity is 0.5 m/s, better flow uniformity
can be achieved than the designs mentioned in Fig. 6(a). How-
ever, the results of the non-Svelte manifolds uncover that if the
constructal approach is implemented for 4.5-mm microchannel
length scale and 0.5 m/s inlet velocity, better flow uniformity can
be found with the designs of smaller surface area. In order to

show the correctness of this result, the constructal design of Fig. 4
was selected as the initial design for iterative optimization with
4.5-mm microchannel length scale and 0.5 m/s inlet velocity as
dictated in Ref. [21]. The iterative procedure is the same in Sec. 3
with only exception of error criterion was altered from 1% to
0.1%. Because the initial design is the constructal design for 1.5-
mm microchannel length scale and 1 m/s inlet velocity, the con-
structal design was found after four iterations. Figure 7 shows the
flow rate values divided by the average flow rates along the each
channel for three designs: Type B-O and Type OPT1 of Ref. [21]
and the constructal design. Both Type B-O and OPT1 provides
better flow uniformity in channels labeled with 2, 3, and 5 than in
channels 1 and 4. However, the iteratively found constructal
design provides the almost same flow rate (0.1% error margin) for
the each channel. The constructal design not only provides better
flow uniformity but also provides a design with smaller surface
area than in the designs of Refs. [1] and [21], i.e., the collecting
channel of the designs of Refs. [1] and [21] is 500 lm thicker than
the constructal design.

Figure 8 shows how the flow rate in each channel varies for
four competing designs (base, da Vinci, Hess–Murray, and con-
structal design iteratively found for 1.5-mm microchannel length
and 1 m/s inlet velocity) when the microchannel length is
13.5 mm and the inlet velocity is (a) 0.5 m/s, (b) 1 m/s, and (c)
2 m/s. Figure 8 shows that tapered distributing channel designs
(da Vinci, Hess–Murray, and constructal) provides better flow uni-
formity for all the inlet velocities. Figure 8(a) shows that the flow
uniformity is the best with the constructal design, which provides
0.2% better flow uniformity than the Hess–Murray design. Figures
8(b) and 8(c) show that the Hess–Murray design provides better
flow uniformity than the constructal design (0.1% and 0.2%,
respectively). However, it should be noted that the constructal
design was found iteratively for 1.5 mm microchannel length and
1 m/s inlet velocity. Therefore, there is a constructal design that
performs better than all the other designs if the design is freely
morphed for 13.5 mm microchannel length and corresponding
inlet velocity as shown in Fig. 7. In addition, as the effect of local
pressure drop diminishes the effect of velocity profile on the flow
uniformity becomes evident.

Comparison of Figs. 6 and 8 shows that the flow nonuniformity
decreases as the microchannels become slender (Svelteness
increases) as expected. Bejan and Lorente [40] show that as the
Svelteness increases the effect of local pressure drops diminishes.
Figure 9 confirms this result as the maximum flow rate deviation
decreases in base design from 30% to 17% and 5% as the micro-
channel length increases from 1.5 mm to 4.5 mm and 13.5 mm,
respectively. Figure 9 documents the maximum deviation in the
flow rate for base and constructal designs which correspond to the
maximum and minimum values, respectively, in between all the
competing designs.

In order to uncover the effect of velocity distribution consider
the design of Fig. 10(a) where five ducts with the same length
scale and thickness are connected to the inlet and outlet ports.

Fig. 5 Sum of the deviations and maximum deviations for the competing designs with the inlet velocities of (a)
0.5 m/s, (b) 1 m/s, and (c) 2 m/s
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Each duct yields the same pressure drop in between its inlet and
outlet sections because the length and the thickness of the chan-
nels are identical. Therefore, if the pressure drop is the sole effect-
ing parameter, the flow rate along the each duct should be the
same. Figure 10(b) shows the flow rate along the each channel
divided by the average velocity when the microchannel length
scale is 1.5 mm and inlet velocity is 1 m/s in comparison with the
base design and the constructal design. Figure 10(b) shows that even
the pressure drop along the microchannels in Fig. 10(a) is identi-
cal, but the flow rate in each channel is not. The flow rate distribu-
tion is more uniform in the constructal design than in the design

of Fig. 10(a). This shows that the pressure distribution is not the
only parameter in consideration of the flow uniformity.

Figure 11 shows the velocity, pressure, and overall pressure
contours of three designs: the designs of Figs. 1, 4, and 10(a).
Velocity distributions show that the constructal design and the
design of Fig. 10(a) provide almost uniform flow rate across each
channel unlike in the base design case. The constructal design
shows sudden velocity increases due to the inclined walls; how-
ever, the most uniform flow rate distribution is achieved with the
constructal design (i.e., the maximum deviation of Vi=V ratio is
the smallest with the constructal design) as shown in Fig. 10(b).
Distribution of pressure is the most uniform with the design of
Fig. 10(a). Figure 11 also confirms that this design provides con-
stant pressure drop along each channel. In addition, constructal
design provides more uniform pressure distribution than the base
design. Last but not least, Fig. 11 shows how overall pressure
(summation of static and dynamic pressures as in Bernoulli’s
equation, note that the pressure related with potential difference is
negligibly small due to the length scale of the microdevice) is dis-
tributed for each design. Overall pressure is calculated as the sum-
mation of the static pressure and the dynamic pressure (qU2=2,
where U is the local velocity magnitude). Overall pressure distri-
bution of the design of Fig. 10(a) is almost uniform. Channels of
number 1 and 5 show slightly thinner and longer region with
greater overall pressure value at the outlet boundary. Figure 10(b)
also shows that the flow rates in channels 1 and 5 is 1% and 2%
less than the average flow rate value, respectively. The outlet
boundary is essential because the flow rate is the function of pres-
sure drop along each streamline. Therefore, not only at the con-
nection with the collecting channel but also the pressure drop
along the connecting channel should be considered. Commenting
on the overall pressure distribution on the designs of Figs. 1 and 4
is complicated due to the overlapped streamlines. However, it is
obvious that the overall pressure value is more uniform in the con-
structal design in comparison with the base design. Furthermore,
it is expected to have greater overall pressure value where the
channel 1 is connected to the collecting channel than the location
where the channel 5 is connected to it because the fluid flowing in
channel 1 moves on a longer path in the collecting channel. This
increases the pressure drop of fluid flowing in channel 1. There-
fore, the overall pressure values should be the same at the same
distance from the inlet boundary for the streamlines of the fluid
flowing in microchannels in order to have uniform fluid distribu-
tion. For instance, the overall pressure value of channel 1 at the
connection of the collecting channel is almost the same (3% fluc-
tuation, which is acceptable because the length of the each

Fig. 6 Flow rate in each channel divided by the average
flow rate for four competing designs with inlet velocities of (a)
0.5 m/s, (b) 1 m/s, and (c) 2 m/s

Fig. 7 Flow rate in each channel divided by the average flow
rate for three competing designs: Type B-O and Type OPT1 of
Ref. [21] and the constructal design
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streamline has been approximated) with the overall pressure value
of channel 5 at 700 lm after it is connected to the distributing
channel. Therefore, it can be concluded that the overall pressure
distribution governs the flow rate distribution rather than sole con-
sideration of the pressure distribution. However, that does not
mean the constraint should be the overall pressure drop in
between inlet and outlet boundaries. Unlike, this indicates that if
the overall pressure drop along each stream becomes the same,
then the distribution of fluid would expected to be more uniform,
which is in accordance with Bernoulli‘s equation. In addition,
pressure drop is the smallest with the base design as shown in

Fig. 11. However, it should be noted that the objective is to dis-
tribute the fluid homogeneously to the microchannels. Constructal
design conforms this objective as shown in Fig. 10(b), and it
requires smaller pressure drop than the design of Fig. 10 as can be
seen in Fig. 11.

5 Conclusions

This paper shows that there is a constructal manifold design for
each microchannel length and inlet velocity. This constructal
design provides better flow uniformity than other competing

Fig. 8 Flow rate in each channel divided by the average flow
rate for four competing designs when the microchannel length
is 13.5 mm with inlet velocities of (a) 0.5 m/s, (b) 1 m/s, and (c)
2 m/s

Fig. 9 Maximum deviation of the designs with maximum
(base) and minimum deviations (constructal) with 2 m/s inlet
velocity for length of channels of 1.5 mm, 4.5 mm, and 13.5 mm

Fig. 10 (a) Geometry of a manifold with 5 identical length
microchannels and (b) flow rate in each channel divided by the
average flow rate for the base design, the constructal design,
and the design of Fig. 10(a) with 1.5-mm microchannel length
and 1 m/s inlet velocity
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designs, and it is also more compact (smaller surface area) than
the others. In addition, this paper documents the flow rate uni-
formity in each microchannel for competing designs such as da
Vinci and Hess–Murray which are based on branching rules for
trees and the constructal design which is based on the minimiza-
tion of the flow resistances with freely morphed designs. Both da
Vinci and Hess–Murray designs are superior to the base design;
however, they do not correspond to the desired flow uniformity.
These designs are static, i.e., they are not a function of inlet veloc-
ity, and they are a good reference points as the initial designs of
the constructal design iteration procedure.

Furthermore, both Svelte and non-Svelte microdevice mani-
folds were considered in order to uncover the effect of pressure
and velocity distributions on the flow rate distribution to each
microchannel. The effect of local pressure drops in Svelte mani-
folds becomes negligibly small as Svelteness increases, which is
not the case in the non-Svelte manifolds. Therefore, as the Svelte-
ness of a manifold increases the effect of design on the flow uni-
formity decreases especially in low velocity magnitudes such as
0.5 m/s. However, the results showed that not only static pressure
but also dynamic pressure plays an integral role in the uniform
flow rate distribution in a manifold (both in Svelte and non-Svelte
manifolds).
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Nomenclature

d ¼ height of the microchannels, lm
D ¼ width of the distributing and collecting channels, lm
f ¼ friction factor

L ¼ length of the microchannels, lm
P ¼ pressure, N�m�2

u, v ¼ velocity components, m s�1

U ¼ local velocity magnitude, m s�1

V ¼ volumetric flow rate per unit length, m2 s�1

x, y ¼ spatial coordinates, m

Greek Symbols

l ¼ dynamic viscosity, kg m�1 s�1

� ¼ kinematic viscosity, m2 s�1

q ¼ density, kg m�3

Subscript

i ¼ index

Superscripts

exact ¼ exact
n ¼ index of the mesh independency test
�¼ average
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