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In this paper, the conventional equivalent method and the subsectional integral method were used to
analyze the friction factor and the Nusselt number in fractal-like microchannel networks. The calculated
results obtained from the two methods were compared with those obtained from the experimental data.
It was proved that for complex configuration of the microchannel, the conventional equivalent method
based on the parameters of inlet and outlet has larger deviations than the subsectional integral method
developed in the present study. Furthermore, the results from the subsectional integral method were ver-
ified to agree well with those from the experiments under different boundary conditions. In addition, the
effects of both hydrodynamically and thermally developing flow were taken into considerations since the
bifurcations and bends in the fractal-like microchannel networks disturbed the flow and made the devel-
oping flow maintain in each branch. And these effects have been included by replacing the Fanning fric-
tion factor with the apparent friction factor to account for the frictional and developing flow pressure
drops.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

As the famous Moore’s law had predicted, the power and inte-
grated level of the electronic devices, e.g. micro-processor, have in-
creased rapidly in the past few decades. In the irresistible trend of
high heat flux density, the failure rates of the microelectronic de-
vices as a result of overheating have increased greatly. Thus, the
effective and feasible methods of the thermal management are ur-
gently needed. Since the pioneering work done by Tuckerman and
Pease [1], the microchannel heat sinks have been introduced as an
attractive and potential option for electronics cooling, drawing
substantial interests in the study of the flow and heat transfer
characteristics in the microchannels [2–7].

For practical applications, the single microchannel cannot sat-
isfy the requirement associated with the large cooling power.
Although the parallel microchannels can offer relatively large heat
transfer area using optimization methodology, there are two
serious weaknesses which are difficult to overcome [8–11]. One
is the high pressure difference between the two ends of the chan-
nels which leads to a high pressure loss. The other is the nonuni-
form wall temperature distribution due to the fluid temperature
increase along the channel. The temperature distribution has a di-
rect impact on the performance in many important applications,
e.g. the chips and the fuel cells cooling; the thermal management
is subject to the constraint of a maximum temperature difference
within the system. The hot spots need to be avoided, and the pro-
vision of a spatially uniform temperature distribution would be
desirable.

Inspired by the natural flow systems such as mammalian circu-
latory and respiratory ones, Bejan and Errea [12,13] introduced the
‘‘constructal’’ or ‘‘fractal’’ microchannel network as heat sinks for
the electronic devices. They studied the cooling performance of
the rectangular and the disk-shaped hierarchical structured net-
works, and proposed designs for fluid flow with minimum flow
resistance. Recently, Bejan [14,15] used the constructal theory to
explain the flow configuration from volume-to-point, such as the
animal body heat loss and the hot water distribution on a specified
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Nomenclature

cp specific heat at constant pressure
COP coefficient of performance
Dh hydraulic diameter
f Fanning friction factor
fapp apparent friction factor
fx local friction factor
K(x) incremental pressure defect
L microchannel length
Lh hydrodynamically developing region
Lt thermal entry length
Nu Nusselt number
Nux local Nusselt number
Po Poiseuille number
Pr Prandtl number
DP pressure loss
Re Reynolds number
T temperature
um average flow velocity
x⁄ characteristic length of Nusselt number

x length from entrance
x+ characteristic length of friction factor

Greek symbols
a aspect ratio
k thermal conductivity
l dynamic viscosity
q density

Subscripts
fd fully developed condition
i inlet
m arithmetic mean
n level number
o outlet
x,3 location for the three-sided heating case
x,4 location for the four-sided heating case

C.-p. Zhang et al. / International Journal of Heat and Mass Transfer 66 (2013) 930–938 931
territory. The theory showed that the fractal-like optimized archi-
tecture could effectively minimize the pumping power and en-
hance the convective heat transfer to achieve high thermo-fluid
performance.

Pence [16] and Alharbi et al. [17,18] analyzed a fractal-like
bifurcating microchannel network for the convective cooling of
microelectronic components with geometric disk shapes. Under
the same pumping power, the total flow rate, and the total convec-
tive surface area, the fractal-like channel network yielded a 60%
lower pressure drop and a 30 K lower wall temperature than the
straight array channels. A lower channel packing density of the
fractal-like channel network (i.e., the convective surface area is
50% less than that of the straight array channel) yielded approxi-
mately the same pressure drop and the maximum wall tempera-
ture under the fixed-flow-rate conditions. Then Heymann et al.
[19] optimized the fractal-like branching flow networks using
one-dimensional model for the minimum pressure drop and the
flow power through the methods of a direct numerical search
and a genetic algorithm. In particular, Daniels et al. [20,21] ex-
tended the application of a tree-like network from a single phase
flow to a two-phase flow and investigated the adiabatic flow boil-
ing in such a microchannel network by experiment and simulation.

Senn and Poulikakos [22,23] presented a three-dimensional
forced convective model for tree-like microchannel networks with
the constant wall heat flux for the thermal management in poly-
mer electrolyte fuel cells. The effects of the secondary flow initi-
ated at the bifurcations on the flow and thermal mixing were
investigated numerically. It was found that the tree-like network
with six branching levels resulted in almost half the pressure drop
than the corresponding serpentine flow pattern under the same
conditions of surface area and inlet Reynolds number. Laminar
mixing by the secondary flow motions substantially improved
the local Nusselt numbers. Much higher heat transfer coefficients
were obtained from the tree-like network. Then they introduced
this kind of structure as a fuel cell fluid distribution concept to
optimize the design of the pyramidal direct methanol fuel cells
[24].

Escher et al. [11] used a one-dimensional model to analyze the
hydrodynamic and thermal performances of a bifurcating and a
parallel channel networks under different boundary conditions.
The parallel network had 121 parallel microchannels with a heat
transfer surface of 28 cm2, while the total surface area of the
tree-like network was just 2.1 cm2, which they demonstrated that
a restriction in the surface area was not an appropriate boundary
condition for comparison of efficiency with different heat sink de-
signs in realistic electronics applications. The compared results
showed that the parallel channel cooler had more than fivefold
higher coefficient of performance than the bifurcating tree-like
network for a constant flow rate, while almost four times more
heat could be removed for a constant pressure gradient across
the networks. However, they also indicated that the design draw-
back of the parallel channels was the nonuniformity in the cooling
capability owing to the heating up of the fluid in the axial direction
along the channels.

Wang et al. [25–27], using numerical simulations, demonstrated
the advantages of the fractal-like microchannel network such as the
lower flow resistance, temperature uniformity, and reduction of the
blockage danger compared with the traditional serpentine and par-
allel microchannels. In addition, various optimized designs with
parameters such as the branch numbers, branching level numbers,
and channel numbers reaching the center of the disk were ad-
dressed. At the same time, they also showed that the bifurcation an-
gles and two-dimensional roughness had important effects on the
performance of the microchannel cooling [28].

Chen and Cheng [29,30] studied the fractal-like network both in
minichannels and microchannels. Firstly, they designed a new
sandwich structure fractal-like channel network (with a rectangu-
lar cross-section) in order to solve the free circulation problem of
the cooling fluid. Then, a comparison with the traditional parallel
microchannels showed that the new fractal-like microchannel net-
work had a stronger heat transfer capability and required lower
pumping power with a large fractal dimension or a high total num-
ber of branching levels. Moreover, the experimental investigation
confirmed that the thermal efficiency of the fractal-like microchan-
nel network with the branching levels less than 4 was much higher
than that of the traditional parallel microchannels. And the pres-
sure loss of bifurcations could be neglected. Then, Chen and Zhang
[31] developed a three-dimensional thermal and hydrodynamic
model for a fractal-like minichannel heat sink with the consider-
ation of the conjugate heat transfer in the channels. They found that
in fractal-like network, the local pressure loss due to the confluence
flow was larger than that due to the diffluence flow. However, both
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the simulated and experimental results showed that the fractal-like
minichannel heat sink had much lower total pressure drop, uniform
temperature distribution, and a COP which was two times of that
for the traditional serpentine channel. Lately, Chen and Zhang
[32,33] used the fractal-like networks with sandwich structure for
the study of two-phase boiling flow and for the design of a metha-
nol steam microreactor. The results obtained from the simulations
verified that the performances of the fractal-like network for the
conditions under their studies were better than the corresponding
serpentine channels under the same working conditions.

Haller and Woias [34] found that the shape of the bends and
branches, e.g. L-bends and T-joints had significant influences on
the pressure loss and the heat transfer. Their study indicated that
the pressure loss and the heat transfer in the bends and joints
led to a higher cooling ability and a higher effectiveness for the
cooling system. Soupremanien et al. [35] conducted experimental
study of the influence of the aspect ratio on the boiling flows in sin-
gle rectangular minichannels with the same hydraulic diameter.
The heat transfer efficiency was high when the channel had the
lowest aspect ratio under the low heat flux conditions. But if the
heat flux was high, the channel with the highest aspect ratio per-
formed best. Their study showed that the characteristics of the
flow and the heat transfer were significantly influenced by the
shape of bends, the number of branches, the aspect ratio of chan-
nels, and the hydraulic diameter.

Through the above reviews on the state-of-the-art of the frac-
tal-like microchannels’ research, it was found that most of the
analyses were under the assumptions: (1) laminar and incom-
pressible steady flow, (2) constant fluid and solid properties, and
(3) hydrodynamically and thermally fully developed flow. But Senn
and Poulikakos [23] and Escher et al. [11] indicated that only for
the large length/diameter ratios and the low Reynolds numbers,
the thermal and flow developed lengths with respect to the chan-
nel length could be neglected; and the assumption of (3) would be
adequate. Although some researchers [36–38] have considered the
simultaneously hydrodynamically developing flow as well as the
thermally developing flow in the rectangular microchannels, their
limited analytical results covered only straight ducts with aspect
ratio larger than 1. Furthermore, the conventional equivalent
method to analyze the flow and the heat transfer involved only
the parameters of the inlet and the outlet, which cannot effectively
reflect the variations along the channel branching length in the
fractal-like microchannels. In order to solve the above problems,
a numerical model of a fractal-like microchannel network was for-
mulated to solve the conjugate flow and heat transfer under the
simultaneously hydrodynamically and thermally developing flow
condition. The subsectional linear integral method taking the flow
bifurcations into account was adopted to compare with the con-
ventional equivalent method, and the results were verified by the
experiments conducted on two different boundary conditions.
Our studies will be presented in two parts: (1) the present paper
is Part A which focused on the comparisons of numerical analysis
methods to determine the friction factor and the Nusselt number
and (2) the performance coefficients of the heat transfer and the
pressure drop for fractal-like microchannel networks will be pre-
sented in Part B [39].
2. Numerical analyses of the fractal-like microchannel
networks

2.1. Hydrodynamic analysis: full developed flow and developing flow

Since the pressure drop along the axial length is much larger
than that in the radial direction, it is appropriate to use one-dimen-
sional method to calculate the main pressure loss. For Newtonian
incompressible fluid in a smooth channel, the pressure drop comes
mainly from the frictional force due to the shear stress at the wall.
So the frictional pressure drop DP over a length L is obtained:

DP ¼ 2fqu2
mL

Dh
ð1Þ

where q is the density of the fluid, um is the average flow velocity of
the fluid, Dh is the hydraulic diameter of the channel, f is the Fan-
ning frictional factor used in the microchannel depending on the
flow conditions, the channel wall geometries, and the surface con-
ditions. For the fully developed laminar flow in a rectangular chan-
nel, Shah and London [40] provided the following empirical
equation for friction factor:

Po¼ f Re¼24 1�1:3553aþ1:9467a2�1:7012a3þ0:9564a4�0:2537a5
� �

ð2Þ

where Po is the Poiseuille number, Re is the Reynolds number, and a
is the aspect ratio, defined as the ratio of the channel height to its
width. It is noted to see that only the aspect ratio is a crucial factor
to decide the friction factor in the fully developed flow. For the frac-
tal-like microchannel network studied, the largest roughness was
measured by a SEM to be 0.07 lm, 0.056% of the shortest dimension
of the channel. So the inner wall was treated as a smooth surface
with negligible fluid slip [28,41]. Since the highest Reynolds num-
ber for this study was below 2000, as a result, the flow regime
was treated as laminar. Thus the pressure drop depends primarily
on the channel geometrical configuration and the flow developing
situations along the channel length. According to the boundary
layer theory, when the fluid enters a channel with uniform velocity,
the velocity profile begins to develop along its length until reaching
the fully developed Hagen–Poiseuille velocity. Then the hydrody-
namically developing region Lh is defined by the following equation
[42]:

Lh

Dh
¼ 0:05Re ð3Þ

Since the dimensions of fractal-like microchannel networks in many
applications are small, the flow length in the developing region
therefore forms a major portion of the whole channel length with
high pressure gradient. Thus the pressure drop in this kind of chan-
nel over a length x from the entrance is expressed as [42]:

DP ¼
2f appqu2

mx
Dh

¼ 2ðf ReÞlumx

D2
h

þ KðxÞqu2
m

2
ð4Þ

where l is the dynamic viscosity and fapp is the apparent friction
factor, accounting for the pressure drop due to the friction and
the developing region effects. It is noted that fapp represents an aver-
age value of the friction factor over the flow length between the en-
trance section and the location under consideration. K(x) is an
incremental pressure defect between the apparent friction factor
fapp and the fully developed Fanning friction factor f over a length
x, i.e., K(x) = (fapp � f)4x/Dh. For x > Lh, where the flow is mainly in
the fully developed region, the incremental pressure defect attains
a constant value K(1), known as the Hagenbach’s factor which de-
pends only on the Reynolds number. For x < Lh, Phillips [43] gave the
tabulated values of the apparent friction factor versus channel as-
pect ratio for the range of non-dimensionalized lengths x+ = (x/
Dh)/Re from 0 to 1.

2.2. Thermal analysis: developing flow and fully developed flow

The Nusselt number in the fully developed laminar flow is con-
stant, depending on the channel geometry and the wall heat trans-
fer boundary condition. For a rectangular channel with a constant
wall temperature (T-boundary condition), the Nusselt number is
given below [42]:



Fig. 1. Changing trend of the friction factor and the Nusselt number along the
channel length with two branching levels in the fractal-like microchannel network:
(a) friction factor (b) Nusselt number.
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NuT ¼7:541 1�2:610aþ4:970a2�5:119a3þ2:702a4�0:548a5� �
ð5Þ

However, in the developing region, the Nusselt number will in-
crease with the Reynolds number, depending on the channel aspect
ratio a and the wall boundary conditions. The thermal entry length
Lt in a rectangular channel is expressed as [42]:

Lt

Dh
¼ 0:1RePr ð6Þ

where Pr is the Prandtl number. The heating in microchannel geom-
etries for the present study comes from two side walls and the bot-
tom wall since an adiabatic cover of epoxy glass bonded on the top
of the microchannels to form the flow passage. The Nusselt number
in the thermally developing flow region is derived from Phillips
[44]:

Nux;3 x�;að Þ ¼ Nux;4 x�;að Þ
Nufd;3 x� ¼ x�fd;a

� �
Nufd;4 x� ¼ x�fd;a

� � ð7Þ

where x⁄ = (x/Dh)/RePr is the non-dimensionalized length for ther-
mal analysis and ac lies within 0.1 < ac < 10. The subscripts x, 3
and x, 4, respectively, refer to the location at a distance x in the
heated length for the three-sided and the four-sided heating cases.
The subscript fd indicates that the flow is fully developed. The Nus-
selt numbers in the fully developed region for both heating condi-
tions and in the developing region for the four-sided heating
condition were presented by Kandlikar et al. [42].

2.3. Subsectional integral method

For a straight microchannel, it is appropriate to use the above
equations directly along the channel length to calculate the friction
factor according to the pressure drop between the inlet and outlet
of the channel. And the Nusselt number can be expressed in terms
of the Reynolds number and the channel aspect ratio [42]. But for a
fractal-like microchannel network, the friction factor together with
the Nusselt number is nonlinear, fluctuating with the branching
channel length in the developing flow region, as shown in Fig. 1,
based on the above analysis. Due to the secondary flow and recir-
culation flow motions initiated at the bifurcations and bends, the
developing flow regenerates again and maintain along the subse-
quent straight channel until reaching the next bifurcation or bend,
which keeps the flow always in the developing region. Under such
a situation, the conventional equivalent numerical analysis only
accounts for the inlet and outlet parameters and the aspect ratio
of concern which would bring about deviations in determining
the flow and heat transfer characteristics. Therefore, the subsec-
tional integral calculation method has been put forward to take
the bifurcation effects into consideration.

The friction factor and Nusselt number will be integrated along
each branching length and then averaged by the total length of the
channel:

f ¼ 1
xþ

Z xþ

0
fxdxþ ¼ 1

xþ

Z xþ1

0
f1dxþþ

Z xþ2

xþ
1

f2dxþþ���þ
Z xþn

xþ
n�1

fxdxþ
" #

ð8Þ
Fig. 2. Schematics of the fractal-like microchannel networks: (a) one branching
level (b) two branching levels.
Nu¼ 1
x�

Z x�

0
Nuxdx� ¼ 1

x�

Z x�1

0
Nu1dx� þ

Z x�2

x�
1

Nu2dx� þ���þ
Z x�n

x�
n�1

Nuxdx�
" #

ð9Þ

where x+ and x⁄ represent the characteristic lengths of the friction
factor and the Nusselt number, the subscript n represents the num-
ber of the level, fx and Nux are the local friction factor and the local
Nusselt number of each branch in the developing region.
3. Experimental measurement system

The schematics of the fractal-like microchannel networks used
in the current study are shown in Fig. 2, with one and two branching
levels. The height of the entire channels for all the networks was
125 lm, while the maximum percentage uncertainty encountered



Table 2
Thermophysical properties of DI water and silicon within the temperature range of
283–373 K.

Signal Unit DI water Silicon

l Pa�s 0.0194 � 1.065e-04 � T + 1.489e-07 � T2

k W/(m�K) �0.829 + 0.0079 � T � 1.04e-05 � T2 290 � 0.4 � T
cp J/(kg�K) 5348 � 7.42 � T + 1.17e-02 � T2 390 + 0.9 � T
q kg/m3 998.2 2330
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was 5%. The widths were 125 lm, 250 lm, and 375 lm correspond-
ing to the aspect ratios of 1, 0.5 and 0.333, respectively, for three
kinds of fractal-like microchannel networks. The channel length
was 4000 lm at the zeroth level, 2000 lm at the 1st level and
1000 lm at the 2nd level. The classifications of the test cases are gi-
ven in Table 1. For the purpose of comparison among the fractal-like
microchannel configurations with different aspect ratios and
branching levels, all the analyses was conducted under the same
convective heat transfer area.

The experimental apparatus used in the present study was com-
posed of three parts: the test section, the water driving system, and
the dynamic data acquisition system, as shown in Fig. 3. In addi-
tion, deionized water (DI water) was used as the working fluid with
the thermophysical properties shown in Table 2. The systematic
measurements included: (1) the pressure drop between the inlet
and outlet through a fractal-like microchannel network; (2) the
water temperatures at the inlet and outlet; (3) the wall heated
temperatures on the bottom of the fractal-like microchannel net-
work; (4) the ambient temperature and the water temperature in
the reservoir; (5) the mass flow rate of water flowing through
the fractal-like microchannel network.

The test section, as shown in the magnified part of Fig. 3, was
composed of a Pyrex glass cover block, a fractal-like microchannel
silicon test chip, a brass heat spreading plate, a thermoelectric
cooling chip (as the heat source, which was controlled by a DC volt-
age source to provide low electric voltage and high current), a ther-
mal insulation layer, and a polymethylmethacrylate (PMMA) base
plate with the inlet and outlet manifolds. Four calibrated T-type
(Cu/Cu–Ni, accuracy:±0.1 K) thermocouples along the stream-wise
direction (temperature readings T1, T2, T3, and T4, as shown in
Fig. 3) were embedded into four small cavities on the top surface
of the brass plate. A thin silicon thermal grease layer was coated
between the contact surfaces of the test chip and the brass plate
to ensure a close contact of the surfaces, resulting in a negligible
thermal resistance between the brass plate and the silicon test
chip. Thus the mean temperature of the four thermocouples’ read-
ings (Tm = (T1 + T2 + T3 + T4)/4) was used to be the constant channel
wall temperature of the test chip.

To drive the DI water flow into the microchannels, a precision-
controlled high performance liquid chromatography pump (HPLC,
made by Jasco, Model PU-2087+, operating range: 0–80 KPa, accu-
racy: ±0.02%) was used to provide the desired constant flow rates
ranging from 0.5 ml/min to 30 ml/min. A diaphragm type differen-
tial pressure transducer (made by Druck, Model PMP4110, operat-
Fig. 3. Schematic diagram of the experimental appa

Table 1
Classifications of fractal-like microchannel networks.

Aspect ratio a One branching level Two branching levels

1 125-1 125-2
0.5 250-1 250-2
0.333 375-1 375-2
ing range: 0–7 bar, accuracy: ±0.05%) was connected to the sumps
of PMMA to measure the corresponding pressure drop across the
inlet and outlet of the microchannel network. Extreme caution
was exercised to ensure that no visible dead volume was pre-
sented. A digital electronic balance (made by Sartorius, Model
TE214S, accuracy: 0.001 g) was used to measure the weight of
the accumulated mass of the DI water in a specified time interval
to obtain the mass flow rate of the system.

Two calibrated K-type (Ni–Cr/Ni–Si, accuracy: ±0.1 K) thermo-
couples were placed at the inlet and outlet of the test section with
temperature reading Ti and To, respectively, to measure the tem-
peratures of the DI water at the entrance and the exit of the chan-
nel. Meanwhile, the temperature of the water in the reservoir was
monitored by a T-type thermocouple to ensure that the inlet
temperature of the DI water was maintained at a constant value
of 297 K by a space temperature control device.

For each measurement, the pressure and temperature readings
were collected automatically by a data acquisition system (made
by Yokogawa, Model MX1000). Before measurements began, the
channels and connecting tubes were filled with DI water under
pressure to ensure that there were no bubbles inside the system
under test. Then the system was kept running for a time period
from 30 min to 2 h until the four thermocouples’ readings of the
channel wall were stable and maintained at a constant tempera-
ture of 323 K.
4. Results and discussions

For the fractal-like microchannel network used in this study,
according to Eqs. (3) and (5), with the aspect ratio a = 1, at the
main channel (the branching level number n = 0), the length of
the hydrodynamically developing region Lh was determined to be
87.9% of the channel length. For other channels with all the aspect
ratios and branching level numbers, both the lengths of the hydro-
dynamically and thermally developing region, Lh and Lt, were long-
er than the lengths of all branching channels. As a result, the
analyses conducted in the study needed to account for these two
kinds of developing flow effects, and then the friction factor was
expressed by the apparent friction factor unless this term was
specified differently. The numerical simulations were carried out
by the software package CFD-ACE+2006, based on the finite
volume method (FVM). Subsequently, the results obtained by the
ratus for the fractal-like microchannel network.



Table 3
Average deviations of friction factors obtained from two numerical methods.

Type of
microchannels

Conventional equivalent
method

Subsectional integral
method

125-1 46.3% 5.2%
125-2 63.2% 22.8%
250-1 32.6% 9.2%
250-2 70.3% 23.5%
375-1 45.2% 10.5%
375-2 68.9% 20.2%
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experiments were compared with those obtained by the numerical
analyses using the conventional equivalent method and the sub-
sectioanl integral method, respectively, with the cases of the same
boundary conditions and initial parameters. Moreover, two differ-
ent boundary conditions were used to determine the deviations
resulting from the numerical calculations and experimental data.
The results discussed in Section 4.1 below were for the case with
a constant temperature difference between the inlet and the outlet,
while those in Section 4.2 were for the case with a constant volu-
metric flow rate.
4.1. Comparisons of friction factors and Nusselt numbers between two
methods

For the friction factors, comparisons of the average deviations
obtained from the calculated results (by the two evaluation meth-
ods – the conventional equivalent method and the subsectioanl
integral method) with the experimental results are shown in Ta-
ble 3. It is clear to see that the accuracy of the calculated results
by using the subsectional integral method is much better than
those by using the conventional equivalent method. The deviation
decreases with a decrease in branching level number since the
pressure loss increases with an increase in the branching level
number. Fig. 4 shows the results of the friction factor versus the
Reynolds number obtained from two numerical methods and the
experiments for the fractal-like microchannel network with differ-
ent aspect ratios and branching levels. The friction factors obtained
from the conventional equivalent method are lower than those
Fig. 4. Friction factors obtained by the conventional equivalent method, the subsectiona
one branching levels.
obtained from the subsectional integral method. With an increase
in the Reynolds number, the deviations between the results ob-
tained from the experiments and those obtained from the conven-
tional equivalent method increase since the high Reynolds number
results in the high pressure loss. In summary, the total average
deviation relative to the experimental results for the conventional
equivalent method in determining the friction factor is 49.93%,
while it is 13.94% for the subsectional integral method. As a conclu-
sion, it is recommended that the subsectional integral method
rather than the conventional equivalent method be used for the
fractal-like microchannel network.

Compared with the experimental data, the average deviations
of the Nusselt numbers obtained by the conventional equivalent
method and the subsectional integral method are shown in Table 4.
It is found that the average deviations resulting from the conven-
tional equivalent method are close to one another (on the order
of about 40% deviation). Results of the Nusselt numbers versus
l integral method, and experiments for the fractal-like microchannel networks with



Table 4
Average deviations of the Nusselt numbers obtained from two numerical methods.

Type of
microchannels

Conventional equivalent
method

Subsectional integral
method

125-1 40.9% 7.8%
125-2 43.6% 7.3%
250-1 35.7% 14.0%
250-2 40.0% 10.3%
375-1 39.6% 20.3%
375-2 42.4% 14.9%
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the Reynolds numbers of the fractal-like microchannel networks
with different aspect ratios and branching levels are shown in
Fig. 5. The values of deviation obtained by the conventional equiv-
alent method in all cases increase with the Reynolds number. For
the subsectional integral method, the average deviations of the
Nusselt number increase with a decrease in the aspect ratio and
the branching level. Moreover, when the Reynolds number is high-
er than 800, the deviation of the subsectional integral method has a
decline trend and the calculation results even coincide with the
experimental results in the range of Re > 1100. This kind of
phenomenon may attribute to the design of the experimental
apparatus. Before entering the microchannels, there is a small tank
for storing water. As a consequence, when the flow rate is very low,
the water is heated in advance before entering the channel. Thus
the temperature difference of the water decreases due to the heat
loss. As a result, the Nusselt numbers obtained from the experi-
mental data in the high Reynolds number region are in agreement
Fig. 5. Nusselt numbers obtained by the conventional equivalent method, the subsection
two branching levels.
with those obtained from the numerical analyses. However, from
the overall trend, it is concluded that the heat transfer results ob-
tained by using the subsectional integral method are in better
agreement with the experimental results compared with those ob-
tained by using the conventional equivalent method.
4.2. Comparisons of friction factors and Nusselt numbers between the
numerical calculations and the experimental data

In order to further validate the flow and heat transfer obtained
by using the subsectional integral method, experiments were car-
ried out under the constant volume flow rate. And parameters of
the numerical analysis were kept to be the same as those used in
the experiments. Figs. 6 and 7 are the curves obtained from the
experiments for the friction factors and the Nusselt numbers to-
gether with those obtained from the numerical analyses. Fig. 6(a)
and (b) show that the friction factors with two branching levels
are somewhat higher than those with one branching level. Besides,
for the same branching level, the smaller the aspect ratio a is, the
bigger the friction factor due to the effect of the larger hydraulic
diameter and viscous force. Similarly, the fractal-like microchannel
network with two branching levels has higher Nusselt numbers as
shown in Fig. 7. And the Nusselt number increases with a decrease
in the aspect ratio. The reason for the deviations between the
numerical and the experimental results in the range of low Rey-
nolds numbers has been explained in Section 4.1. In general, the
flow and the heat transfer obtained from the numerical analyses
using the subsectional integral method are in good agreement with
al integral method and experiments for the fractal-like microchannel networks with



Fig. 7. Nusselt numbers of the numerical and experimental results for fractal-like
microchannel networks: (a) one branching level (b) two branching levels.

Fig. 6. Friction factors of the numerical and experimental results for fractal-like
microchannel networks: (a) one branching level (b) two branching levels.
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those obtained from the experimental data, and the trends of the
deviation between them are of the same order of magnitude as
those documented in Section 4.1.
5. Conclusions

The friction factors and the Nusselt numbers of the fractal-like
microchannel networks were investigated in this study. Two
important aspects of the flow behavior under consideration have
been developed and discussed: one was the effects of the hydrody-
namically and thermally developing flow on the performance of
the flow and heat transfer, the other was the development of the
numerical analysis of the subsectional integral method to account
for these effects. The conclusions obtained from this study were as
follows:

(1) For the fractal-like microchannel networks used in the pres-
ent paper, the fractals made the hydrodynamic and thermal
entry lengths to be comparable with or even longer than the
lengths of channels; the assumption of the fully developed
flow neglecting the effects of the developing flow on the
flow and heat transfer was inadequate. Therefore, the appar-
ent friction factor accounting for the pressure drop due to
the friction and the developing region effects was employed
to replace the Fanning friction factor.

(2) Aiming at the configuration of fractal-like microchannel net-
works, the flow and heat transfer obtained by using the sub-
sectional integral method in the numerical analysis were
compared with those obtained by using the conventional
equivalent method. The deviations of the calculated results
of the friction factors and Nusselt numbers were presented
by using the two methods. As a conclusion, the conventional
equivalent method had larger discrepancies for both friction
factors and the Nusselt numbers. And the deviations
increased with an increase in the Reynolds number.

(3) The results of the friction factors and the Nusselt numbers
obtained by using the newly developed subsectional integral
method in the present study were found to be in good agree-
ment with those obtained from the experimental data.

The conclusions provided above would provide useful informa-
tion for further investigations on the fractal-like microchannel net-
works or other complex configurations. The subsequent paper
(Part B of this study) regarding the determination of the perfor-
mance of fractal-like microchannel networks is to be presented,
based on the above research work.
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