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In this paper, we show experimentally and numerically how a plate which is subjected to a constant heat
load can be kept under an allowable temperature limit. Vascular channels in which coolant fluid flows
have been embedded in the plate. Three types of vascular channel designs were compared: parallel chan-
nels, tree-shaped and their hybrid. The effects of channel design on the thermal performance for different
volume fractions (the fluid volume over the solid volume) are documented. In addition, the effects of the
number of channels on cooling performance have been documented. Changing the design from parallel
channels to tree-shaped designs decreases the order of pressure drop. Hence increase in the order of
the convective heat transfer coefficient is achieved. However, tree-shaped designs do not bathe the entire
domain, which increases the conductive resistances. Therefore, additional channels were inserted at the
uncooled regions in the tree-shaped design (hybrid design). The best features of both parallel channels
and tree-shaped designs are combined in the hybrid of them: the flow resistances to the fluid and heat
flow become almost as low as the tree-shaped and parallel channels designs, respectively. The effect of
design on the maximum temperature shows that there should be an optimum design for a distinct set
of boundary conditions, and this design should be varied as the boundary conditions change. This result
is in accord with the constructal law, i.e. the shape should be varied in order to minimize resistances to
the flows.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Advanced technologies require great volumetric cooling capa-
bilities especially in miniature designs [1,2]. Heat transfer surface
area is limited in miniature designs, therefore, they cannot be
cooled down with natural or forced convection when working fluid
is air. Therefore, the current literature focuses on heat transfer
enhancement with phase changing materials or forced convection
with water, oil or nano-fluids working fluids [3–14]. These meth-
ods are essential in order to increase the rate of heat transfer. How-
ever, heat load can be of two kinds: deterministic and random [15].
In deterministic heating loads, the heating rate and the surface on
which the heat flux is applied is known such as electronic circuits.
In random type loads, neither heating rate nor on which surface it
is applied are known such as thermal runaway phenomenon in
accumulators. Advanced technologies require miniature structures
with the capability of cooling itself under deterministic and ran-
dom heating loads. This requirement can be satisfied with self-
cooling structures, which can be obtained by embedding vascular
channels inside the body [15–19].

Materials with smart features first suggested by White et al.
[20] in 2001. They mimicked the self-healing mechanism of ani-
mals, i.e. clot occurrence at the wound in order to seal it. In their
autonomic healing concept, healing agents were placed in spheres
which can be used once. Later, Bejan et al. [21] discussed that cir-
culating healing agents in embedded vascular channel network
enables structure to heal itself countless time.

Kim et al. [16] showed that vascularized structures can also be
used to cool a domain on which heat load is applied. Literature also
documents how the pressure drop can be minimized with altering
design in parallel channel and tree-shaped designs [16–18].
Because the tree-shaped designs promise lower pressure drop val-
ues than parallel channels and radial designs, their cooling perfor-
mance was surveyed in the literature [22–26]. In our previous
study, we also numerically investigated the cooling performance
of some parallel channels and tree-shaped configurations [27].
Cho et al. [28] numerically investigated the hydrodynamic and
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Nomenclature

cp specific heat at constant pressure [J kg�1 K�1]
d vascular channel diameter [m]
r del operator
I unit matrix
kf thermal conductivity of the coolant fluid [Wm�1 K�1]
ks thermal conductivity of the solid [Wm�1 K�1]
L plate width [m]
Lchannel distributing/collecting channel length [m]
_m mass flow rate [kg s�1]
n vector normal to the fluid–solid interface
P pressure [Pa]
q00 heat flux [W/m2]
T temperature [K]
u velocity vector

Greek symbols
DP pressure drop [Pa]

u volume fraction
l dynamic viscosity [kg m�1 s�1]
q density [kg m�3]

Subscripts
0,1,2,3 index of tree branches
i index
max maximum
min minimum
peak peak

Superscripts
n index of mesh independency test
T transpose of matrix
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thermal performance of vascular designs with embedded parallel
channels. They have documented the hydrodynamic and thermal
characteristics of three different constructs where the complexity
of the parallel channel network was altered. Later, Cho et al. [29]
documented the performance of the three parallel channel vascular
channel network mentioned in Cho et al. [28] numerically and
experimentally. Cho et al. [29] documents the hydrodynamic char-
acteristics of vascular channels in details. They have measured the
surface temperature of the vascular plate from several locations via
thermocouples, and these locations were chosen in the cooled
region (active area). These locations do not correspond to the peak
temperature values for each design.

Wang et al. [30] uncovered how the mechanical strength of a
solid structure can be increased with embedding vascular channels
and how it varies with changing the channel design and volume
fraction. Later, Cetkin et al. [31] showed how the mechanical
strength and cooling performance is affected by the volume frac-
tion and by the shape of the channel configurations. Cetkin et al.
[15] uncovered that vascularization provides required cooling for
both deterministic and random heat loads. The current literature
also shows how vascularization can increase the mechanical
strength of a heated domain, and when the effect of thermal stres-
ses can be neglected [31–33]. In addition to vascular channels on
self-cooling structures, Cetkin [34] also documents how high-
conductivity inserts on vascular channels effects cooling
performance.

Here we show experimentally and numerically how a novel
hybrid design gains self-cooling capability to a solid structure with
minimum energy consumption, i.e. minimum pumping power
requirement. The literature lacks of experimental studies on vascu-
larized structures. This study documents both experimental results
and their comparison with numerical study results. In addition, a
hybrid of parallel channels and tree-shaped configurations is dis-
cussed in order to decrease fluid flow and heat flow resistances
by following the principles of Constructal Theory, which is a phys-
ical phenomenon that states a flow system should evolve freely in
order to adapt to the changing conditions [35–37]. Note that, vas-
cularized structures are proposed as adjunct to the phase changing
materials and nano-fluidic cooling methods, not to replace them.

2. Model & numerical method

Consider a plate with embedded vascular cooling channels
which is subjected to a constant heat flux from one of its surfaces,
as shown in Fig. 1. Coolant fluid flows along the embedded cooling
channels. The fluid flow is driven by the pressure difference
between the inlet and outlet ports of the vascular network. The
volume of the vascular channels and the volume of the solid mate-
rial are fixed. The outer surfaces of the plate are symmetry bound-
aries (@T=@n ¼ 0) with only exception of the surface on which heat
flux is applied, Fig. 1. The symmetry condition is selected because
the plate is an elemental domain of a system which consists a
number of identical elements. The coolant fluid is water and its
thermo-physical properties as a function of temperature are given
in Table 1. In addition, the fluid flow is steady and single phase.
With these are in mind, the conservation of mass, momentum
and energy equations can be written as

qr � ðuÞ ¼ 0 ð1Þ

qðu � rÞu ¼ r � ½�PIþ lððruÞT þruÞ� ð2Þ

qcpurT ¼ r � ðkfrTÞ ð3Þ

r � ðksrTÞ ¼ 0 ð4Þ
where q, u, l and P are the fluid density, the velocity vector in the
fluid domain, the dynamic viscosity and the pressure, respectively.
In addition,r and I represents del operator and unit matrix. Here T,
k and cp are the temperature, the thermal conductivity and the
specific heat at constant pressure. In addition, s and f indices denote
solid and fluid. The conservation of the energy at the interfaces
require

kf
@T
@n

����
f

¼ ks
@T
@n

����
s

ð5Þ

where n is the vector normal to the fluid–solid interface.
Conservation of mass, momentum and energy equations were

solved by using a finite element software [38]. First, the plate with
parallel cooling channels (semi-circular) was simulated, which is
the case discussed in Cho et al. [29], detailed information about
the design is given in Table 2. Mesh elements are non-uniformwith
boundary layer meshes in order to uncover the effect of sudden
changes of the gradients near the boundaries. The mesh size was
decreased until the criteria of jðTn

peak � Tnþ1
peakÞ=Tn

peakj < 5� 10�3 and

jð _mn
inlet � _mnþ1

inletÞ= _mn
inletj < 5� 10�3 are both satisfied. Relative errors

corresponding to the mesh size can be seen in Table 3. The residual
was imposed as 10�6 in the numerical procedure. Table 3 shows



Fig. 1. Geometry and boundary conditions of the vascularized plate with parallel cooling channels.

Table 1
Thermo-physical properties of DI water, AISI 304 and Al5083 at atmospheric pressure [29,38].

DI Water [29] AISI 304 [29] Al 5083 [38]

q 998.2 8030.0 2699.5
k �0:829þ 0:0079T � 1:04� 10�5T2 11:702649þ 0:012955T 30:01698þ 0:4662148T � 6:570887� 10�4T2 þ 3:182847� 10�7T3

cp 5348� 7:42T þ 1:17� 10�2T2 114:227517þ 1:877902T � 0:003234T2

þ3:0� 10�6T3 � 8� 10�10T4

�263:528þ 9:293216T � 0:01210442T2

�6:74101� 10�5T3 þ 1:654763� 10�7T4

l 0:0194� 1:065� 10�4T þ 1:489� 10�7T2 – –

Table 2
Dimensions of the competitive designs.

Designs d0 [m] d1 [m] d2 [m] d3 [m]

u = 0.065 Parallel 0.003338 0.001849 – –
L = 0.12 m Tree-shaped 0.003338 0.002623 0.002082 0.001653
Lch = 0.1 m Hybrid 0.003338 0.002218 0.001761 0.001397

u = 0.05 Parallel 0.004 0.003 – –
L = 0.17 m Tree-shaped 0.004 0.003 0.0025 0.002
Lch = 0.15 m Hybrid 0.004 0.003 0.0025 0.002

Table 3
Relative errors corresponding to the number of mesh elements.

Number of mesh elements Tpeak ½K� jðTn
peak � Tnþ1

peakÞ=Tn
peakj _minlet ½kg=s� jð _mn

inlet � _mnþ1
inletÞ= _mn

inletj

126385 318.13 – 7.28 � 10�4 –
187142 317.83 9.43 � 10�4 7.64 � 10�4 4.97 � 10�2

261248 317.59 7.55 � 10�4 7.67 � 10�4 3.93 � 10�3
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that the solution becomes mesh independent with 261248 mesh
elements.

First, the simulation results were validated by using the numer-
ical and experimental data of Cho et al. [29]. Fig. 2 shows that the
current study agrees well with the results of Cho et al. [29]. The
change in the mass flow rate is maximum 6.60% and 2.95% for
numerical and experimental studies in comparison to Cho et al.
[29], respectively. In addition, the change in the peak temperatures
are 2.14% and 1.23% for pressure drops of 94.8 Pa and 277.9 Pa for
numerical studies documented in the study of Cho et al. [29].
Therefore, it is concluded that the simulation results are mesh
independent and accurate in comparison with the current
literature.
3. Experimental procedure

Next, the performance of the vascularized plates was surveyed
experimentally. Fig. 3 shows the schematic of the experimental



Fig. 2. Validation of the current numerical methodwith the results of Cho et al. [29].

Fig. 3. (a) The schematic and (b) the pho
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setup and its photograph. The setup consists of three main parts;
circulator cooling bath, test section and data acquisition system.
The coolant fluid is distilled water, and there is no phase change.
Circulatory consists of a heated/cooled bath (Labo C200-H13) with
the temperature range of �20/+100 �C, the temperature stabiliza-
tion of it is ±0.03 �C, and the volumetric flow rate of it can be as
high as 13 l/min. A needle valve was mounted in the coolant line,
which is also shown in Fig. 3, in order to control the flow rate pre-
cisely. In addition, a turbine flowmeter (ultra-low flow sensor ULF)
with the range of 0.025–1.67 l/min and the accuracy of 1% was
inserted in the coolant line. The maximum flow rate in the coolant
section is 0.42 l/min, which is in the range of the inserted turbine
flowmeter. Pulse output of the flowmeter was stored with a data
logger (Hioki LR8431-20 hi-logger), which was also used for stor-
ing the temperature data of the ambient and coolant at the inlet
and outlet of the vascular plate, via K-type thermocouples. These
tograph of the experimental setup.
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thermocouples are consists of NiCr (+) and NiAl (�) conducting
wires with 2 � 0.50 mm diameters, and their accuracy is 0.1 �C.
The accuracy of the thermocouples was confirmed by measuring
the temperature of a known temperature reservoir with them. In
addition, the positions of the thermocouples in the inlet and outlet
channels are changed in the vertical direction in order to confirm
that the temperature distribution is uniform in the channels (the
temperature differences at the different vertical positions are max-
imum 0.1 �C, hence; the measured temperature is considered as
the mean temperature at the inlet and outlet ports).

The vascular plates were manufactured from 5083 Aluminum.
The vascular channels were manufactured on top of each plate
with precision CNC (computer numerical controlled) milling
machine as semi-circular channels on top the plates. Afterwards,
two Aluminum plates were adhered together with metal epoxy
to form the vascularized structure, which can be seen in Fig. 4b,
along with the open form of the vascular plate, Fig. 4a. Vascular
plates were coated with black film, as shown in Fig. 4c, due to
the low emissivity of aluminum, which can cause misreading from
the thermal camera. In addition, the emissivity value of the coated
vascular plates in the thermal camera (Testo 855-2) was calibrated
by comparing the temperature values on top of the plate with ther-
mocouple measurements. Furthermore, the vascular plate is placed
on top of a silicone flexible resistance which is insulated at the bot-
tom surface. The silicone flexible resistance with two different con-
stant heat loads (50 W and 150W) were used in the experiments.

While the experiments were being conducted for a cooling
plate, the maximum temperature on the surface of the plate, the
volumetric flow rate, ambient temperature and inlet/outlet water
temperatures were stored in the data logger. In addition, these val-
ues were also monitored for the time dependency (i.e., when sys-
tem reaches to steady state conditions). The numerical and
experimental results are compared for the steady state case.

Detailed uncertainty analysis for the measurement instruments
and various variables were made according to Figliola and Beasley
[39]. The propagation of uncertainty method is used,
(a)

(b) (c)

Fig. 4. (a) The open, (b) the closed, (c) and the coated form of the vascularized plate.
uR ¼ @R
@x1

u1

� �2

þ @R
@x2

u2

� �2

þ ::::::þ @R
@xn

un

� �2
" #

ð6Þ

where uR is the uncertainty of R ¼ Rðx1; x2; :::; xnÞ, a functional rela-
tionship of independent variables xn and un are the uncertainties
of independent variables xn. Total uncertainties calculated for the
flow rate, thermal camera and Reynolds number are ±3.42%,
±0.62% and ±3.42%, respectively.
4. Parallel channels design

Consider the parallel cooling channel design of Fig. 1 with circu-
lar channels and 120 � 120 mm AISI 304 stainless steel plates,
which is exposed to a heat load of 5000 W/m2. In order to uncover
the effects of volume fraction (u) on the cooling performance of the
parallel channels, u was varied such as 3.5%, 6.5%, 5% and 8% in the
numerical simulations. The different volume fractions were
obtained by increasing or decreasing the diameter of the channels
while the number of channels and the design is fixed. The diameter
of the main distributing and collecting channels were fixed to
0.003338 and 0.004 for the plates of 120 � 120 mm and
170 � 170 mm, respectively, as shown in Table 2. Fig. 5a shows
that how the peak temperature varies when pressure drop varies
between 30 Pa and 250 Pa for the volume fractions of u = 0.035,
0.05, 0.065 and 0.08, when the number of channel is ten. The peak
temperature decreases as the volume fraction increases, Fig. 5a.
The reason for this decrease is that the resistances to the fluid flow
decreases as channel diameters increase, and therefore the fluid
gains greater access to the entire domain (i.e., convective and con-
ductive resistances decrease). In addition, the surface area of the
Fig. 5. Numerical results of the peak temperature variation relative to pressure
drop (a) for parallel channels design with u = 0.035, 0.05, 0.065 and 0.08, (b) for
parallel channels design with 6, 8 and 10 number of channels when u = 0.035 and
0.05.



Fig. 6. Peak temperatures relative to pressure drop for experimental and numerical
studies of parallel channels design with heat loads of 50 W and 150 W.
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cooling channels also increase, which increases the overall heat
transfer rate. Fig. 5 shows that as the pressure drop increases the
peak temperature becomes independent of the changes in the
pressure drop. In addition, our previous study [27] also shows that
for a similar design this limit value is around 300 Pa.

Next, consider the circular parallel channels design with six and
eight daughter channels in addition to ten, Fig. 5b. In order to have
cooling channel diameters less than thickness of the plate,
u = 0.035 and u = 0.05 are documented. Fig. 5b shows that the flow
resistances to the heat flow with six daughter channels are smaller
Fig. 7. Temperature distributions of parallel channels design for experim
than the design with eight and ten daughter channels as DP varies
from 30 Pa to 350 Pa. This is expected due to the diameter of the
cooling channels increase as the number of channels decreases,
i.e., Tpeak decreases as the number of channels decrease from 10
to 8 and 6. This means that for a specified volume fraction, the
effects of the conductive resistances due to the spacing in between
the channels are negligibly small in comparison with the effect of
the convective resistances. Fig. 5b also shows that the peak tem-
perature decreases as the volume fraction increases. In addition,
the comparison of the Fig. 5a and b shows that the effect of the vol-
ume fraction and the number of channels on the peak temperature
is more apparent with low pressure drops such as in between 30 Pa
and 100 Pa. Increasing the volume fraction and the number of
channels in this pressure drop region can yield a change in the
peak temperature. However, the volume fraction should be care-
fully increased in order to eliminate penetration of the plate walls
by cooling channels.

Next, consider the parallel cooling channel design with
170 � 170 mm Aluminum vascularized plates with volume frac-
tion of u = 0.05. Fig. 6 documents the relation between the peak
temperature and the pressure drop for experimental and numeri-
cal studies with heating loads of 50 W and 150W. The experimen-
tal procedure was discussed in Section 3. Fig. 6 shows that the
results of the numerical and experimental studies agree, the max-
imum relative errors are 0.88% and 0.39% for 50 W and 150W,
respectively. In addition, these differences are in between the cal-
culated values in uncertainty analysis. The volumetric flow rate is
limited as 7 � 10�6 m3/s, i.e., the flow is laminar. In addition,
ental and numerical studies with (a) 50 W (b) 150 W of heat loads.



Fig. 8. Tree-shaped design configuration.

O. Yenigun, E. Cetkin / International Journal of Heat and Mass Transfer 103 (2016) 1155–1165 1161
increasing the pressure drop after 350 Pa does not decrease the
peak temperature more than several percent as discussed in the
numerical results of Fig. 5.

Fig. 7 illustrates the temperature distributions of the numerical
and experimental studies, for two heating loads: 50 W and 150W.
Similar to Fig. 6, Fig. 7 shows the agreement between the numeri-
cal and experimental studies. In addition, Fig. 7a shows that the
peak temperature on the vascular plate surface are located close
to the outlet channel for low volumetric flow rates. Because the
temperature of the coolant fluid is already increased as it reaches
to the collecting channel at the outlet port, therefore it cannot cool
the vascular plate down as desired. Fig. 7b shows that the coolant
fluid cools the vascular plate more homogeneously as the flow rate
increases, in comparison to the Fig. 7a. Note that the peak temper-
ature values are similar in Fig. 7a and b because the heating loads
are 50 W and 150W, respectively.
Fig. 10. Peak temperatures relative to the pressure drop for experimental and
numerical studies of tree-shaped design for heat loads of 50 W and 150 W.
5. Tree-shaped design

Next, consider a tree-shaped design with three levels of embed-
ded vascular cooling channels as shown in Fig. 8. The coolant fluid
enters from the distributing channel of diameter d0, and then it is
Fig. 9. Numerical results of the peak temperature relative to the pressure drop for tree-sh
u = 0.05 (b) 6 and 10 daughter channels with u = 0.05.
distributed to the vascular channels of diameter d1, d2 and d3,
respectively or vice versa. At the junctions, the channels of diame-
ter d1 bifurcate into two daughter channels of diameter d2, then the
channels of diameter d2 bifurcate into two daughter channels of
diameter d3. The diameter ratios at the junctions are determined
according to the Hess–Murray Rule [36] as shown in Eq. (7). The
root and branch channels are connected to the main collecting
and distributing channels with equidistant ports, i.e. the location
of the connection ports is the same with the parallel channel con-
figuration. The length of the channels is constrained with the port
locations and the number of the ports. The channel lengths were
chosen in order to conform these constraints and not to intersect
with each other.

di=diþ1 ¼ 21=3 ð7Þ
Now consider that the tree-shaped design in Fig. 8 with

L = 120 mm, and it is exposed to a heat load of 5000 W/m2. The
resistance to the fluid flow decreases with the tree-shaped channel
configuration in comparison to parallel channels configuration, i.e.,
mass flow rate increases in between 9.25% and 18.9% in tree-
shaped configurations in comparison to the parallel channels con-
figurations while pressure drop is fixed. This result is in accord
with the current literature [23,24,35].

Fig. 9 shows how the peak temperature varies relative to the
pressure drop for two competing designs: parallel channels and
tree-shaped. In addition to the ten ports connected to the collect-
ing and distributing channels, Fig. 9 also uncovers how the thermal
performance is affected by the pressure drop when six ports con-
nected to them. In parallel channels design, there are six parallel
aped and parallel channels designs for (a) 10 daughter channels with u = 0.065 and



Fig. 11. Temperature distributions of tree-shaped design for experimental and numerical studies with (a) 50 W (b) 150W of heating loads.

Fig. 12. Hybrid design.
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channels which are connected to the distributing and collecting
channels of diameter d0. The tree-shaped designs of one bifurcation
level are also connected to the distributing and collecting channels
of diameter d0, i.e., the channels of diameter d1 bifurcates into
channels of diameter d2 at the junctions (the channels of diameter
d3 is absent in Fig. 8).

First, the effect of pressure drop on the peak temperature for
parallel channels and tree-shaped designs with u = 0.05 and
u = 0.065 is shown in Fig. 9a. The peak temperature is smaller with
tree-shaped design for a pressure drop of 10 Pa, and the peak tem-
perature is smaller with parallel channels design when pressure
drop varies in between 30 Pa and 290 Pa. Next, Fig. 9b shows
how the peak temperature is affected when the number of vascular
channel inlet ports are decreased from ten to six when u = 0.05.
The volume fraction was decreased from u = 0.065 to u = 0.05 in
order to have smaller channel diameters than the thickness of
the plate. However, the effect of design governs the peak temper-
ature, and the effects of number of channels (from 6 to 10) and vol-
ume fraction (from 0.05 to 0.065) diminish as shown in Fig. 9.

Fig. 10 shows how the peak temperature varies relative to the
pressure drop for tree-shaped design with 170 � 170 mm Alu-
minum vascular plates for heating loads of 50 W and 150W. The
results of experimental and numerical studies are in agreement,
i.e., 0.49% and 0.23% maximum relative errors on peak temperature
for 50 W and 150W, respectively. The peak temperature shows an
exponential decay relative to the increase in the pressure drop.
First, a sudden decrease in the peak temperature is observed up
to 200 Pa and 400 Pa pressure drop values for 50 W and 150W
heat loads, respectively. Then, the peak temperature becomes
independent of the increase in the pressure drop. The reason of this
behavior is related with the cooling capability of the coolant. As the
pressure drop (flow rate) increases the capacitance of the coolant
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also increase. However, there is a limit value for the pressure drop
as shown in Fig. 10 because the time for coolant to pass along the
vascular channels also decrease as the flow rate increases.

In addition, Fig. 11 shows the temperature distributions of the
tree-shaped design, for experimental and numerical studies for
two heating loads (50 W and 150W). For _V ¼ 1:27� 10�6 m3=s,
the temperature distribution is similar with the parallel channels
design, the peak temperatures are located around collecting chan-
nels. However, for _V ¼ 4:54� 10�6 m3=s, the peak temperatures
Fig. 14. Temperature distributions of hybrid design for experimental

Fig. 13. Peak temperatures relative to pressure drop for experimental and
numerical studies of hybrid design for heat loads of 50 W and 150 W.
are located in between the tree-shaped channels where there is
no embedded cooling channels. This result shows that the conduc-
tive resistances become essential in the tree-shaped design as the
pressure drop increases.

6. Hybrid design

In our previous study [27], we suggested a hybrid design of par-
allel channels and tree-shaped designs because both designs are
superior to each other by means of heat and fluid flow perfor-
mances, respectively. The hybrid design was constructed by adding
parallel channels to the uncooled regions of the tree-shaped design
as shown in Fig. 12. Our previous study showed numerically that
the hybrid design performs similar to the parallel channels design
in terms of thermal performance and similar to the tree-shaped
design in terms of resistances to the fluid flow, i.e., combining best
features of both designs [27].

Consider the hybrid design of Fig. 12 made of Aluminum with
the plate size of 170 � 170 mm. Fig. 13 shows the thermal perfor-
mance of the hybrid design for both experimental and numerical
studies for two different heat loads (50 W and 150W). The com-
parison shows that there is a good agreement, i.e., 0.94% and
0.22% maximum relative errors between experimental and numer-
ical studies, for 50 W and 150W of heat loads, respectively. The
maximum relative errors are in between the calculated values in
uncertainty analysis. In addition, the peak temperature does not
decrease more than several percent when the pressure drop is
higher than 200 Pa.
and numerical studies with (a) 50 W (b) 150 W of heating loads.



Fig. 15. Numerical results of the peak temperatures relative to the pressure drop for the three competing designs with (a) Aluminum and (b) Stainless Steel plates.
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Next, Fig. 14 shows the temperature distributions of numerical
and experimental studies for 50 W and 150W heating loads. Sim-
ilar to the parallel channels and tree-shaped designs, the hot spots
are located near the outlet channel in hybrid design as shown in
Fig. 14a. The comparison of Figs. 11b and 14b shows that the peak
temperature decreases with the additional parallel channels intro-
duced in the hybrid design. However, the hot spot is located in
between the tree-shaped branches and close to the main collecting
channel in hybrid design as shown in Fig. 14b. Therefore, increas-
ing the diameter of the parallel channel placed in between the
tree-shaped branches in hybrid design may further decrease the
peak temperature. In addition, the results of experimental and
numerical studies are in agreement as can be seen from Fig. 14.

Fig. 15 shows the comparison of the thermal performances of
the three competing designs; parallel channels, tree-shaped and
hybrid designs, with (a) Aluminum 170 � 170 mm vascular plates
and (b) Stainless Steel 170 � 170 mm vascular plates, when the
heat load is 50W. Fig. 15a shows that the peak temperature is min-
imum with the hybrid design, which is more significant when the
pressure drop is changing from 40 Pa to 400 Pa (peak temperature
is 1% lower with hybrid design than with the parallel channels
design), after that point the design effect diminishes and all
designs performs almost the same (the peak temperature changes
less than 0.01%) because the effect of convective resistances
becomes negligibly small in comparison with the conductive
resistances.

In order to uncover the effect of material on the thermal perfor-
mance, the studies were repeated for AISI-304 stainless steel.
Fig. 15b shows how the peak temperature varies relative to the
pressure drop for stainless steel vascular plates. Unlike in
Fig. 15a, 15b shows that the effect of design on the peak tempera-
ture is visible, i.e., tree-shaped design has maximum 1.8% and 1.5%
greater peak temperatures in comparison to parallel channels and
hybrid designs, respectively. The reason for this change is due to
the increase in the conductive thermal resistances (thermal con-
ductivity of stainless steel is almost twelve times less than the
thermal conductivity of Aluminum). Therefore, the effect of
uncooled regions creates a non-uniform temperature distribution
in the tree-shaped design in comparison to the other designs.
The thermal performance of the parallel channels design is slightly
better than the performance of the hybrid design (peak tempera-
ture is 0.5% less) as pressure drop becomes more than 100 Pa.
When the pressure drop is less than 100 Pa, the peak temperature
is minimum with the hybrid design as shown in Fig. 15a and b. For
the same pressure drop value, flow rate is greater in the hybrid
design than in the parallel channels design. Therefore, the peak
temperature is minimum with the hybrid design when the
pressure drop is less than 100 Pa, even though the conductive
resistances are greater in the hybrid design than in the parallel
channels design. Fig. 15a and b show that changing only the mate-
rial changes the best performing vascular channel network which
is not evident in non-dimensional simulation results. Tree-
shaped and hybrid designs show better thermal performance than
parallel channel designs as the thermal conductivity of the mate-
rial increases. The reason of this behavior is due to the greater
spacing in between the cooling channels in tree-shaped and hybrid
designs than in parallel channels, i.e. the effect of conductive resis-
tances in between channels diminishes as the thermal conductivity
increases.
7. Conclusion

Here, we showed that a plate on which heating load is applied
can be kept under a desired temperature level with vascular chan-
nels. The effect of the volume fraction and the number of channels
on cooling performance for parallel channels and tree-shaped
designs are documented. Tree-shaped configurations provide
smaller flow resistances than the parallel channels configurations
for the same volume fraction. Therefore, the peak temperature is
minimumwith tree-shaped configurations when the pressure drop
is small (i.e., 10 Pa as shown in Fig. 9). However, the conductive
thermal resistances are greater in tree-shaped configurations than
in parallel channels configurations. Therefore, the parallel channel
configurations provide better cooling performance as the pressure
drop increases. In addition, the thermo-fluidic performance of the
vascularized plates with parallel channels and tree-shaped designs
were also studied experimentally. Then, the results were compared
with the numerical results, and the maximum relative error for
peak temperatures on the top surface are 0.88% and 0.49% for par-
allel channels and tree-shaped designs, respectively. Furthermore,
the temperature distributions of numerical and experimental stud-
ies were compared, which shows that the numerical results are in
good agreement with the experimental results.

Then, the thermo-fluidic performance of the hybrid design was
surveyed both experimentally and numerically. The maximum rel-
ative error is 0.94%. The thermal performance of all competing
designs were compared. We have found that the hybrid design in
Aluminum plates provides the smallest peak temperature (or close
to the smallest peak temperature) and the highest volume flow
rate for the entire pressure drop region. Furthermore, the same
comparison made for stainless steel vascular plates in order to
uncover the effect of material on cooling performance.

Overall, this paper shows how a plate can be vascularized for
enhancing the thermal conductance. The results were validated
with experiments, and the effect of material on the thermal perfor-
mance and optimum vascular channel design selection were
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uncovered. Here we showed that each design is superior to the
others for a specific set of objective and conditions.
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