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Abstract—Aiming at high working power and heat dissipation of electronic components, this study developed a novel
bionic fractal microchannel heat sink with traveling-wave fins based on fractal theory and disk-like tree-like structure.
o-AlL,O;-water nanofluid was chosen as the working fluid instead of water in the microchannel heat sink. Thermo-
hydraulic performance of nanofluids in the bionic fractal microchannel heat sink with traveling-wave fins was simu-
lated numerically, and its comprehensive performance was studied. The main control parameters of this study include
the depths of the traveling wave structure (h=0.00005 m, 0.00010 m, 0.00015 m, 0.00020 m, 0.00025 m), the eccentric-
ity ratios of the traveling wave structure (e=0, 0.1, 0.2, 0.3, 0.4) and Reynolds numbers (Re=200-1,000). Results indi-
cate that the surface temperature of the microchannel heat sink decreases with Reynolds number and depth of traveling
wave structure. The use of traveling ribs at fractal corners can convert the inhomogeneous flow caused by the fractal
effect into a stable horizontal channel flow more efficiently, while the temperature uniformity increases with depth and
eccentricity ratio. Results also show that the traveling wave structure has the best overall performance when the eccen-
tricity ratio of the traveling wave structure is 0.1 or 0.2, and the depth is 0.00020 m or 0.00025 m.
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INTRODUCTION

Since microelectronic chips are developing in the direction of
smaller chip volume with higher heat flux density, heat dissipation
has become pivotal in electronic chip design and application [1,2].
Microchannel heat sinks (MHS) are compact with high heat trans-
fer performance, making them ideal for cooling microelectronic
chips [3.4].

Tuckerman et al. [5] first used microchannels as a cooling method
for electronic components in the 1980s. After that, flow and thermal
exchange characteristics of microchannels were studied through
experimental or numerical methods [6,7].

However, in the application process, it was found that although
the microchannel can play a role in strengthening heat transfer while
it will also bring about problems such as increased pump power;
therefore, it is important to optimize the structure of the micro-
channel so that the flow resistance can be controlled within a rea-
sonable range while improving the heat transfer effect [8,9].

In 1995, the concept of nanofluids was put first forward by Choi
[10]. Nanofluid is a new type of heat transter working fluid formed
by mixing nanoparticles with traditional base fluids [11,12]. There-
fore, nanofluids have higher heat transfer enhancement performance
than ordinary working fluids. Because nanofluids have small ther-
mal resistance and large thermal conductivity, a large number of
in-depth researches have been made [13,14].

The concept of fractal was first put forward by French, Benoit
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Mandelbrot [15]. “Fractal in Latin refers to fragmented, irregularly
fragmented objects. In 1997, a chip cooling radiator based on the
construction theory and tree network structure was designed, and
a fractal tree structure microchannel heat exchanger was also devel-
oped by Bejan and Errera [16]. Meanwhile, the enormous latent
capacity of biomimetic fractal microchannels by combining struc-
tural theory and entropy generation principle was described [17].
Based on construction theory, a disk-shaped tree-shaped micro-
channel heat sink was proposed [18]. The working fluid flows from
the center of the disk-shaped microchannels, then flows to all levels
of channels. Through several simulation researches, it was widely
accepted that a tree-shaped microchannel has a better heat dissipa-
tion effect and a more uniform temperature distribution than the
traditional parallel microchannel [19,20].

Afterward, Chen and Cheng [21] conducted experimental research
on the fractal tree-shaped microchannel heat sink. The experimen-
tal outcomes showed that the heat exchange effect of fluid in fractal
microchannel heat sinks is more pronounced than that of parallel
microchannel under the same heat flux density. Ma et al. [22]
designed a branching microfluidic T-junction and numerically stud-
ied the asymmetrical breakup of droplets. Results showed that the
more branches there are, the larger is the volume distribution ratio,
which provided inspiration for the design of T-shaped microchan-
nels. Dong et al. [23] studied a honeycomb shape fractal micro-
channel heat sink. The research outcome showed that the thermal
exchange of the honeycomb fractal micro-pipe is more than five
times that of the parallel micro-pipe heat sink, and the pump power
is about 1/10 of the parallel micro-pipe. Emerson et al. [24] per-
formed numerical simulations on a fractal tree network structure
microchannel heat sink, then studied the influence of the number
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of branches and structural parameters on the microchannel of the
fractal structure in detail. Many studies have shown that the appli-
cation of micro-channel structure in heat exchangers has excellent
heat transfer performance [25,26].

A large number of experiments have further pointed out that the
rib coupling structure in the microchannel heat sink can intensify
the forced convection thermal exchange to a certain extent [27,28].
Therefore, the study of rib coupling structure is an efficient way to
enhance the thermal exchange performance of microchannel heat
sink, while much research on the design optimization of microchan-
nel heat sink rib coupling structure has been conducted [29,30].
Herman et al. [31] did research on the unidirectional flow thermal
exchange in a microchannel with curved blades. They found that
an increase in current velocity in a curved blade would lead to a
sharp increase in thermal exchange performance. Qi et al. [32] ana-
lyzed the effect of heat sink structure on thermal exchange perfor-
mance and concluded that metal foam shows the most excellent
performance since it has an excellent ability on enhancing thermal
exchange area. Guzman et al. [33] numerically studied the thermal

exchange and flow enhancement characteristics of microchannels
with asymmetric wave walls, then further summarized the influence
of wave wall amplitude and period on thermal exchange charac-
teristics. Kim et al. [34] systematically investigated the generation
of the vortex in the microchannels and their advantages and disad-
vantages, thus leading to a method of enhancing thermal exchange
by engineering vortex generation. Qi et al. [35] experimentally stud-
ied the fluid flow and thermal exchange in elliptical tubes with a
built-in turbulator. Results showed that the diverse axial ratio ellip-
tical tubes have a significant effect on heat transfer enhancement
due to the interruption and recomposition of the thermal bound-
ary layer under the reinforcement of mainstream interference.
Through much research, it can be known that the fractal tree
microchannel is a new type of heat sink structure inspired by the
principle of bionics [36]. Its fractal tree network structure is opti-
mal or close to the optimal shape formed after a long-term evolu-
tion process and has a strong heat and mass transfer capacity. Com-
pared with the traditional microchannel heat sink, the fractal tree-
shape microchannel heat sink has the advantages of small pres-

Fig. 1. Bionic tree-shape microchannel heat sink with bionic traveling wave rib. (a) Water surface ripple, (b) desert Gobi landscape, (c) Bionic
traveling wave rib, (d) Detail structure of TMHS with bionic traveling wave rib, (¢) TMHS, (f) TMHS with bionic traveling wave rib,

(g) One-fifth of TMHS with bionic traveling wave rib.
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sure drop, low thermal resistance, and relatively uniform tempera-
ture distribution [37,38]. At the same time, in the bionic fractal
microchannel heat sink, the rib coupling structure will cause a vir-
tual optimization, and the new heat exchange working medium
nanofluids have high heat transfer capacity and will not cause block-
age and wear of equipment [39,40]. Therefore, the application of
nanofluids to fractal tree microchannels has become a new research
direction [41,42].

Motivated by the above, based on fractal theory and disc-shaped
tree-like microchannel structure, a new type of variable cross-sec-
tion form traveling wave structure is established based on bionic
optimization, which is less investigated and can deeply enhance
the thermal exchange compared with the previous references. And
this new bionic structure is combined with the fractal microchan-
nel heat sink with nanofluids as the working fluid instead of water.
The thermo-hydraulic performance of microchannel heat sink with
different traveling wave design parameters has been numerically
analyzed and its comprehensive performance also studied, which
can provide the optimum size for the new tree-shape microchan-
nel heat sink and provide a new idea for the design and develop-
ment of new microchannel heat sink.

METHODOLOGY

1. Physical Model

Fig. 1 is the bionic fractal microchannel heat sink with bionic
traveling wave rib. MHS represents “microchannel heat sink” and
TMHS represents “tree-shape microchannel heat sink” in this study.
By observing the ripples on the water surface and the landform of
the Gobi desert, as shown in Fig. 1(a) and Fig. 1(b), it is found that
the surface shape is a special wave-shaped structure, and this wave-
shaped structure is perpendicular to the direction of the incom-
ing flow and adapts to the local wind speed environment. Accord-
ing to Darwins theory of natural evolution, the shape of the structure
is most suitable for vertical fluid flow across the surface, so there is
reason to believe that there is the possibility of pressure drop for
this shape of the structure.

Hence, a new bionic traveling wave rib based on water surface
ripple and Gobi desert landscape is developed in this study, which
is shown in Fig. 1(c). by is the height from the peak to the trough
of the traveling wave structure, M is the width between the peaks
of the structure, and E is the distance between the deepest point of
the structure and the center of the structure. In this paper, the high-
order multi-point spline curve is used to fit the wave shape with
eccentricity. Due to the large aspect ratio of this design structure,
9-point control is adopted. The five control points on the left and
right of the structure are equidistant, and the left and right parts
have two upper and lower points, which are symmetric around the
center point. To smooth the curve and reduce unnecessary pres-
sure difference resistance, the depth displacement ratio between
each control point and two adjacent control points should not
exceed 3. The final design depth ratio is 1:3:3: 1 on the left, the
half part on the right is 1:2:2: 1 while the curvature of each con-
trol point is continuously set to further smooth the curve.

The structure of the channel has a crucial influence on TMHS
[43,44]. Fig. 1(d) tells the detailed structure of TMHS with bionic
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Table 1. Basic parameter setting

Variable Parameter Variable Parameter
L, (mm) 17 M (mm) 0.5

L, (mm) 14.5 d, (mm) 1

L, (mm) 16 H (mm) 1

L; (mm) 2 a 60°

traveling wave rib. The radius of the heat sink is denoted as R, that
of the entrance is denoted as R, respectively, and the fractal angle
is set to 60°. Table 1 shows the main structural parameter selection
and settings.

TMHS has been studied deeply [4546]. Peng et al. [47] pre-
sented a disk-shaped TMHS model which is the basis of the phys-
ical model in this study, as shown in Fig. 1(e). Three main parts
make up this physical model: the top cover, the base with fractal
grooves dug, and the thermal source connected to it.

Aiming at further improving the thermal exchange and reduce
the pressure drop, the above bionic traveling wave rib was applied
to the TMHS model, and a new TMHS model with bionic travel-
ing wave rib is presented in Fig. 1(f). To speed up the convergence
speed of numerical calculations, one-fifth of the TMHS with bionic
traveling wave rib overall structure is shown in Fig. 1(g).

2. Theory

Several assumptions have been used to make the numerical cal-
culation model more reasonable: (1) Steady laminar flow; (2) Incom-
pressible, Newtonian, and viscous fluids; (3) Rough walls without
velocity slips and temperature jumps.

The governing equations of the steady-state flow comprise the
conservation laws of mass, momentum, and energy which are indi-
cated below.

Mass conservation equation is shown in Eq. (1):

V-v=0 (1)
Momentum conservation equation is given by Eq. (2):
p(v-V) v:—VP+,uV2V 2

Eq. (3) shows the energy conservation equation for fluid (a~ALO:-
water nanofluids as working fluid):

pC, (V-VT)=AV’T 3)

The energy conservation equation for solid (structure of TMHS)
is expressed by Eq. (4):

AV’T=0 )

where V is a Hamiltonian calculator, v is the velocity vector, p is
the density of the fluid, P is the pressure at a certain point inside
the fluid, 4 is the kinetic viscosity of the fluid, T is the temperature
at a certain point inside the fluid, C, ; is the specific heat capacity
of the fluid, 4 and /, are the thermal conductive of the fluid and
the solid respectively.
3. Numerical Method

The model is computed using the computational fluid dynam-
ics (CFD) software Fluent, which uses the finite volume method
to solve the discretization of the generated mesh by dividing the
computational region into a series of non-repeating control vol-
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umes. The finite volume method is based on a conservation equa-
tion in integral form rather than a differential equation, which de-
scribes each control body defined by the computational grid.

Copper was selected as the material for TMHS with thermal con-
ductivity of 381 W/(m-k), a density of 8,900 kg/m’, and a specific
heat capacity of 386 J/kg-K. Copper is a non-ferrous metal with
high thermal conductivity and excellent corrosion resistance in
microchannel heat sinks, resulting in better heat transfer in micro-
channel heat sinks. Hence it is commonly used in experimental
studies.

Knudsen number is used to determine whether the fluid is suit-
able for continuous assumption and is expressed by Eq. (5) with
the mean free path of a particle being expressed by Eq. (6):

Kn= Tm 5)

A= —
JS2rd n,

where Kn is the Knudsen number, A4, is the mean free path of a
particle, L is the feature-length meaning the diameter of the micro-
channel here, d is the diameter of the microchannel, and n, is the
molecules per unit volume related to the concentration of the
nanofluid.

Qi et al. [48,49] prepared o-ALO;-water nanofluid and applied
it to cool a general channel. The same nanofluid is adopted in this
paper, and the type is TAP-A21 and its crystal shape belongs to o
Because a-ALO; nanoparticles have stable crystal phase and high
thermal conductivity, it has a good heat dissipation effect. It is a
kind of water-based nanofluid with a concentration of 0.09% and
a particle size generally around 40 nm whose Knudsen number is
6.0072x10™"" by calculation, and its thermal properties have been
determined experimentally. It is generally believed that when the
Knudsen number is less than 0.001, the fluid flow belongs to the
category of continuous media.

Therefore, a-AlLO;-water nanofluids under microchannel con-
ditions were chosen and are consistent with the continuous medium
hypothesis. It is ultimately considered as a single-phase fluid with
the thermal conductivity of 0.7809 W/(m-k), the density of 1,264.661
kg/m’, the specific heat capacity of 3,871.74 J/kg-K, and the viscosity
of 1.271x10"° kg/m-s. The thermal conductivity and specific heat
capacity are obtained from the DRE-III multi-functional rapid ther-
mal conductivity tester and the viscosity is obtained from the NDJ-
5S digital viscometer while the density can be calculated from the
concentration of the nanofluids.

The calculation of the inlet is chosen as a speed inlet given by
different Reynolds number conditions, and its temperature is set

©)

Table 2. Grid independence test of the TMHS

to 297.15K, which is the normal temperature used by thermostats
in the laboratory. Each of the outlets is set as a pressure outlet,
while the relative pressure is zero. Besides, a thermal fountainhead
with a heat flux q=10° W/m’ is exerted on the foot of the TMHS,
and the up walls and out walls are assumed to be an insulating
layer, while the two inner walls are each set to be symmetrical.
The value of this heat flux is still derived from the general value of
the power supply under laboratory conditions, to facilitate data
comparison with future experimental work.

To effectively calculate speed and pressure, it is valid to choose
the SIMPLE algorithm. The assumption of the velocity field and
the pressure field are carried out independently in the SIMPLE
algorithm, while the corrections to the assumed pressure field are
obtained through the mass conservation condition of the velocity
field. Under relaxation factors are given as follows to run SIMPLE
algorithms: pressure item with 0.5, the dynamic item with 0.2, and
volume fraction with 0.4.

Since this study was to calculate each performance of TMHS at
a steady state, when the normalized residual is less than 10~ for
the flow equation and less than 10~ for the energy equation, the
calculation is considered to be convergent.

4. Grid Independence Test and Model Validation

A grid independence study was conducted to reduce the calcu-
lation time and obtain a reasonable grid size, and four grid sizes
(0.1, 0.05, 0.01, and 0.005 mm) were selected for the smooth TMHS-
based model at a Reynolds number of 200. In the results, the max-
imum temperature differences between the inlet and outlets and
the maximum pressure drop in the channel were contrasted, and
the outcomes shown in Table 2, where AT is the maximum tem-
perature difference between the inlet and outlets and AP is the
maximum pressure drop in the channel.

Taking an element size of 0.005 mm as the benchmark, the dif-
ferences are the relative errors between other grid sizes (0.1 mm,
0.05mm, 0.01 mm) and the grid size 0.005 mm. Between the ele-
ment size of 0.1 mm and 0.005 mm, the deviation of pressure drop
and temperature rise is 0.506% and 0.227%, respectively. For the
element size of 0.05 mm, the deviation has turned to 0.449% and
0.021%. However, when the grid size continues to decrease to 0.01
mm, the deviations of pressure drop (0.402%) and temperature rise
(0.041%) are close to that of the element size of 0.05 mm. Hence,
the calculation of a grid size of 0.05 mm is sufficiently accurate. With
sufficient computational accuracy, reducing a certain number of
grids can effectively improve computational speed and computa-
tional efficiency. Therefore, all calculations will be performed using
a grid with an element size of 0.05 mm, thereby reducing the com-
putational load while ensuring the accuracy of the calculation.

The final grid of the fractal microchannel is laid out by mesh

Element size (mm) Mesh number AP (Pa) Difference AT (K) Difference
0.1 1,911,180 200.76291 0.506% 31.65173 0.227%
0.05 2,715,519 200.87722 0.449% 31.71724 0.021%
0.01 15,691,518 202.59541 0.402% 31.73659 0.041%
0.005 28,921,487 201.78374 - 31.72378 -

Korean J. Chem. Eng.(Vol. 38, No. 8)
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Fig. 2. Computational domain mesh.

and grid generation software for CFD Ansys Meshing in Fig. 2,
where the mesh shape is mainly tetrahedral with an element size
of 0.05 mm and the mesh is densified at the ribs.

The study calculates the overall heat transfer in the microchan-
nel and the fluid flow in the channel at a steady state, with a calcula-
tion time of about 300 to 600 minutes for each operating condition,
which increases slightly with the increasing Reynolds number.

To measure the reasonableness of the simulation outcomes, it is
necessary to compare the numerical results of the outlet tempera-
ture with the numerical results obtained from the model pro-
posed by Yan et al. [50] and the theoretical calculation results [51].
The theoretical outlet temperature can be calculated easily by using
the equation of equilibrium Q=C,mAT, which shows the relation-
ship between outlet temperature and Reynolds number [51]. Where
C, is the specific heat capacity of the fluid, m is the mass flowing

330

L —s— Numerical results
325k —e— Numerical results by Yan et al.[50]
| —a— Theoretical results [51]

320 F

~<315F

310+ ~
—

305 F

3 0 O " 1 " 1 " 1 " 1

0 200 400 600 800
Re

Fig. 3. Outlet temperature comparison.

1000 1200
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through the TMHS at a certain time which can be calculated by
Reynolds number, AT is the maximum temperature differences
between the inlet and outlets, and Q is the heat gained by TMHS
in a certain time.

Fig. 3 tells the comparison among the numerical values of the
simulated outlet temperature under different Reynolds numbers,
the numerical result obtained from the model proposed by Yan et
al. [50], and the theoretical result [51]. The numerical simulation
and theoretical outcomes [51] are consistent, while the maximum
relative error is only about 1.336%, and the maximum relative error
between the numerical result and the numerical result by Yan et
al. [50] is only 0.527%. Accordingly, it shows the reasonableness
and efficacy of the method.

5. Performance Evaluation

To simplify the expression for the design variables, an expres-

sion for the eccentricity ratio is introduced by Eq. (7):

@)

e

The dimensionless number; inlet Reynolds number, is defined
by Eq. (8):

Re= puTD ®

where p and 4 are the density and dynamic viscosity of the work-
ing fluids, while u and D are the entrance velocity and channel
diameter.

Thermal exchange performance is analyzed by the heat trans-
fer coefficient and Nusselt number calculated by Eq. (9) and Eq.
(10), respectively:

2
ho_Q _1127R% ©
AAT ~A(T,-T)
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Nu= hD

A

where R is the radius of the TMHS, q is the heat flux density applied

to the heated surface, A is the contact area between the inner wall

of the TMHS and the fluid, T, and T} are the bulk temperatures of

the solid and fluid regions, and /; is the thermal conductivity of
the working fluids.

For radiator systems, the higher the pressure drop that emerged,
the larger the pumping power required. The pressure drop and
pumping power are calculated with the following Eq. (11) and Eq.
(12), respectively:

(10)

AP=P,-P,, 1D

Qpum=AP-U (12)

where P,, is the inlet pressure while P,,, is the outlet pressure, with
U is the volume flowrate.

To take into account the effects of thermal exchange and pres-
sure drop together, the evaluation standard of heat exchanger per-
formance 7 is calculated using the following Eq. (13):

0002

[ v(ms): 01 03 05 07 09 11

Y(m)

1597

Nu/Nu,,
= (13)
(AP/AP,)

where Nu,,, and AP, are the average Nusselt number and pressure
drop of the smooth wall surface TMHS.

RESULTS AND DISCUSSION

1. Contrastive Analysis of Flow Characteristics

Thermal exchange characteristics in the channel flow are sig-
nificantly affected by the flow model of the fluid [52,53]. In this
part, the flow characteristics are mainly analyzed in detail. For the
fractal microchannel, when the fluid flows into the fractal chan-
nel, a stagnant area of fluid flow occurs. This area is mainly con-
centrated next to the outer wall, which will result in higher thermal
exchange performance near the inner wall while lower thermal
exchange performance near the outer wall. This phenomenon is
generally called the fractal effect. The obvious branch will enhance
the heat transfer performance, while the fractal effect will generate
certain thermal stress in the material due to the uneven heat dissi-
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Fig. 4. Velocity contours on the middle planes of the first-order fractal corner at Re=600. (a) h=0.00010 m, e=0.1, (b) h=0.00015 m, e=0.1, (c)

h=0.00025 m, e=0.1, (d) h=0.00025 m, e=0.3.
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pation effect inside and outside the channel. Therefore, the strength
of the fractal effect is the evaluation standard of thermal exchange
performance.

According to the fluid flow mode, the degree of flow in the chan-
nel, and the overall structure of the sub-typed micro-channel, the
flow state of the nanofluids in the micro-channel will be investi-
gated from two aspects: first-order sub-flow angle and second-order
sub-flow corner. The first-order fractional flow angle refers to the
position where the main flow channel of the channel first fractals
into two tributaries and the second-order fractional flow angle refers
to the 150° corner when the oblique direct current is converted to
parallel mainstream flow.

1-1. The Flow of the First-order Fractal Corner

It can be seen from Fig. 4 that after the first-order fractal cor-
ner, the maximum speed has been significantly increased and it
appears directly behind the ribs. The injection of the ribs narrows
the channel so that when the fluid flows from a large flow area
into a narrower flow area, a greater flow velocity is obtained. Also,
it can be found in Fig. 4 that disturbance causes the streamline to
be interrupted and redeveloped at the ribs, and the interruption
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and redevelopment occur repeatedly between the corresponding
ribs after the first corner.

The introduction of the fins not only increases the speed value
but also changes the floating direction and mode, thereby improv-
ing the overall development of the fluid flow in the channel as a
whole. From the perspective of the flow boundary layer, after add-
ing ribs, the thickness of the inner boundary layer of the pipeline
increases, while the thickness of the outer boundary layer decreases.
Thus, the introduction of ribs can suppress internal heat transfer
and enhance external heat transfer. The accompanying wave-shaped
ribs increase the flow disturbance of the main channel. After pass-
ing the first-order fractal corner, the flow range of the fluid is
wider and the outer boundary layer is further thinned, which
enhances the heat transfer outside the fractal channel and effec-
tively suppresses the fractal effect. At the same time, as the eccen-
tricity ratio increases, the angle of the windward slope increases
while the boundary layer on the leeward slope gradually thickens
so that the overall flow resistance decreases.

1-2. The Flow of the Second-order Fractal Corner
At the second-order fractal corner, due to its flow characteris-
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Fig. 5. Velocity contours on the middle planes of the second-order fractal corner at Re=600. (a) h=0.00010 m, e=0.1, (b) h=0.00015 m, e=0.1,

(c) h=0.00025 m, e=0.1, (d) h=0.00025 m, e=0.3.
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Fig. 6. Temperature distribution on the middle planes of the channels at Re=600. (a) h=0.00010 m, e=0.1, (b) h=0.00015 m, e=0.1, (c) h=

0.00025 m, e=0.1, (d) h=0.00025 m, e=0.3.

tics, Fig. 5 mainly shows that the outer heat transfer effect is bet-
ter, the boundary layer is thinner, and the inner boundary layer is
thicker, and the heat transfer capacity is poor. Therefore, after the
second-order fractal corner, there will be a large external friction
resistance and a high internal local temperature. The introduction
of a traveling wave rib can destroy the outer flow and achieve dis-
turbance, increase the thickness of the outer boundary layer, reduce
the pressure drop, and destroy the inner boundary. The continu-
ous regeneration of the boundary layer can enhance the heat transfer
and achieve uniform temperature. At the second-order fractal cor-
ner, the main damage of the boundary layer is caused by the frac-
tal effect of the outer stable flow; which destroys the outer flow,
and because of the structural advantages of the traveling wave ribs,
the flow regeneration will be relatively simple and fast.

In general, using traveling wave ribs at the second-order fractal
corner can more efficiently transform the uneven flow caused by
the fractal effect into a stable horizontal channel flow.

2. Contrastive Analysis of the Thermal Exchange Character-
istics

The most obvious manifestation of the heat transfer effect is the
temperature distribution of the fluid and TMHS [54,55]. To high-
light the optimization of the heat transfer effect of the traveling

wave ribs on the fractal TMHS, the following will proceed from
the two aspects of the fluid temperature in the channel and the
overall plate temperature distribution. By comparison, it can be seen
that the traveling wave rib has various heat transfer optimization
effects on the fractal TMHS.

As we can see in Fig. 6, the temperature of the main flow chan-
nel gradually decreases at the sidewall temperature near the mid of
the channel and, accordingly, the fluid temperature gradually in-
creases. After flowing into the branch channel, the higher fluid
temperature has a higher temperature gradient and the fluid tem-
perature near the outer wall has a significant increase, which is
lacking the help of the mainstream low-temperature flow. How-
ever, as the fluid temperature gradually averages and decreases, the
temperature gradient becomes smaller and the maximum tem-
perature gradient appears in the stagnant area near the outer wall

After introducing the traveling wave ribs in the microchannel,
the vicinity of the thermal boundary layer wall, especially the outer
wall, is regenerated and a higher temperature gradient is obtained.
Besides, the heat on the boundary is continuously carried into the
mainstream for the reason of continuous interruption and recom-
position of the boundary layer, the temperature of the main-
stream gradually rises and a more symmetrical fluid temperature
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distribution relative to the centerline is obtained. Therefore, the wake
temperature of the TMHS main runner with the traveling wave
ribs is higher than the wake temperature of the smooth TMHS.
With regard to the fractal channel, it is found that the inner tem-
perature gradient raises, but the outer temperature gradient drops
and is relatively smoother. This is because the introduction of the
traveling wave ribs eftectively suppresses the fractal effect and achieves
convergence of inner and outer flows.

It can be seen that when there are no traveling wave ribs or the
depth of the traveling corrugated ribs is very small, the local high-
temperature points will propagate more obviously on the outside
of the first-order fractal angle and the inside after the second-
order fractal angle. As the rib is introduced and the rib depth in-
creases, the temperature difference decreases, which means increas-
ing flow disturbances are occurring. At the same time, this also
shows that the expansion effect leads to an increase in the flow
rate and an increase in the recirculation rate, which leads to a
thinning of the boundary layer, a decrease in heat transfer resis-
tance, and an increase in heat transfer efficiency. When the fluid
enters the fractal channel, the outer boundary layer becomes thin-
ner, which enhances the heat dissipation inside and outside the
fractal channel, reduces the overall temperature of the wall sur-
face, reduces the temperature of local high-temperature points, and

o
o
3

reduces the range of local high-temperature points. Similarly, as
the Reynolds number increases, the heat dissipation effect is opti-
mized and the local high-temperature points of the entire channel
are greatly reduced. The effect of the eccentricity ratio on the tem-
perature distribution effect in the tube, especially the effect of the
fractal corner, is not obvious. The local high-temperature points
have a huge impact on the microchannel. Effectively controlling
the scale of the local high-temperature point in the fractal micro-
channel can control the thermal stress in the channel to a great
extent. By adding traveling wave ribs, the local high-temperature
problem in the channel especially at the fractal corners can be solved
ingeniously.

For the overall layout temperature distribution, Fig. 7 compares
the temperature change and the isotherm development of the
entire radiator under the same Reynolds number and eccentricity
ratio. The highest temperature and temperature evenness of the
heat sink surface are major quotas for appraising the effect of the
TMHS. Due to the structural characteristics of the fractal micro-
channel and the flow mode of the fluid in the channel, the overall
temperature distribution of this type of microchannel plate sur-
face can be determined by the layers of near-circular isotherms.
The change in the form of the isotherm has little difference from
the change of the eccentricity ratio, but the overall temperature
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Fig. 7. Temperature distribution on the bottom surface planes of the TMHS at Re=600. (a) h=0.00010 m, e=0.1, (b) h=0.00015 m, e=0.1, (c)

h=0.00025 m, e=0.1, (d) h=0.00025 m, e=0.3.
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changes much. With the increase of the fluid Reynolds number, the
overall isotherm tends to be more concentrated towards the center.
With the increasing depth of the traveling ribs, it is obvious that
the maximum temperature of the plate surface gradually decreases,
and the isotherm of the class of circular ring is gradually deformed,
forming a kind of wave-like ring containing a protruding peak
toward the center of the circle. This wave-like ring can be used as
an important indicator to measure the uniformity of the layout.
When the crest of the wavy ring isotherm rises continuously; the
isotherm near the center of the plate surface is still more concen-
trated, which means that the outer main temperature zone is
expanded and the overall temperature is more even. As shown in
the figure, in the process of increasing the depth of the traveling
ribs, the raised crest of the outermost isotherm gradually steepens
as the overall temperature decreases, and the effect is most obvi-
ous when the depth of the traveling ribs reaches 0.00025 m when
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the area of the outer isotherm reaches the maximum.

The main reason for this phenomenon is that the disturbance
caused by the traveling ribs plays a key role in intensifying the heat
transfer in the more inhomogeneous flow at the end of the chan-
nel. According to the previous section, the flow of fluid in the frac-
tal TMHS becomes progressively more inhomogeneous due to the
fractal effect and the ribs at the end play a pivotal role in reinforc-
ing the flow: Therefore, a higher thermal exchange effect and a more
even temperature distribution are formed on the outer side of the
overall plate, where is also the end of the fractal microchannel.

3. Contrastive Analysis of the Pressure Drop

Fig. 8 shows the variation of the pressure drop across the TMHS
with the eccentricity ratio under different Reynolds number con-
ditions and different traveling rib depths. It can be seen that as the
depth of the ribs increases with the traveling wave, the overall pres-
sure drop shows a relatively rapid increase, which is because the
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Fig. 8. Pressure drop versus eccentricity ratio. (a) Re=200, (b) Re=400, (c) Re=600, (d) Re=800, (¢) Re=1,000.
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presence of the ribs enhances the heat transfer at the cost of dis-
turbing the fluid and repeatedly destroying the boundary layer,
and as the depth of the ribs increases the higher the intensity of
the boundary layer being destroyed, which leads to an increase in
the overall pressure drop. This phenomenon has seen some changes
with the introduction of traveling wave ribs. In conventional TMHS
and normal ribbed TMHS, the first thing that occurs is the uneven
distribution of pressure, especially at the location where the fractal
effect occurs and the outer side of the channel brings a huge resis-
tance and pressure drop. And with the application of traveling wave
ribs in TMHS, the pressure drops rapidly with the contraction of
the flow channel, which also shows the great influence of the ribs
on the pressure. Upon entering the fractal channel, the traveling
wave ribs can inhibit the fractal effect and form a more even flow
and relatively even pressure distribution. Thus, the combined effect
of branch and rib can reduce the pressure drop and thus mitigate
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the pressure drop caused by the ribs.

Further analysis of the above figure reveals that the traveling rib
form with an eccentricity ratio of 0.1 exhibits a smaller pressure
drop than various other eccentricity ratios under various condi-
tions, especially compared to a common curved convex surface.
That is because, with the introduction of the traveling wave ribs,
the original flow state is disrupted when the fluid flows through
the ribs. And because of the special shape of the traveling wave
ribs, when the fluid flows from the crest to the trough, the first half
of the structure on the leeward slope is a low-pressure area where
the fluid boundary layer is gradually re-formed, while the second
half of the fluid will gradually form a relatively stable flow again;
and when it passes the trough it is about to experience the wind-
ward slope, where is a high-pressure area. The fluid will be accel-
erated from the peak to the trough of the wave, and because of the
reverse pressure gradient the downward flow is controlled so that
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Fig. 9. Nusselt number versus Re. (a) e=0, (b) e=0.1, (c) e=0.2, (d) e=0.3, (¢) e=0.4.
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it is reduced and the pressure drop is reduced, so as to achieve a
certain effect of reducing the pressure drop. However, as the eccen-
tricity increases, the proportion of fluid colliding perpendicularly
with the upwind direction increases and less fluid can be buff-
ered, when the fluid available to re-form a stable boundary layer is
further reduced, leading to an increase in pressure drop. With the
increase of eccentricity ratio, the resistance reduction effect of pres-
sure drop can be increased from 8.81% to 13.63%, and the resistance
reduction effect decreases with the increase of Reynolds number.
4. Comprehensive Performance

Changes of Nusselt number with the variation of Reynolds num-
ber and eccentricity ratio are shown in Fig. 9 and Fig. 10, respec-
tively. Results reveal that the heat transfer enhancement effect is
similar to the pressure drop control effect described above. As the
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Reynolds number increases, the TMHS with traveling wave ribs
under the same depth shows a parabolic-like increase in the Nus-
selt number, and the deeper the channel the steeper the Nusselt
number growth curve. This indicates that the increase of traveling
wave ribs has a relatively better effect at high Reynolds number
conditions, which is due to its ability to form larger flow distur-
bances and faster boundary layer destruction and regeneration at
high Reynolds number conditions.

Corresponding to the pressure drop, with the change of eccen-
tricity ratio, the Nusselt number of TMHS with traveling wave ribs
shows a trend of first increasing and then decreasing, and it is obvi-
ous at deeper rib depth and higher Reynolds number conditions.
According to the analysis of the flow state, the fluid boundary
layer has a better damage and regeneration state after the intro-
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Fig. 11. 77 versus Re. (a) e=0, (b) e=0.1, (c) e=0.2, (d) e=0.3, (e) e=0.4.

duction of the traveling wave ribs, but as the eccentricity ratio con-
tinues to increase, the windward slope of the traveling wave ribs
gradually steepens, causing the Nusselt number to be decreased by
2.10% to 5.58% instead.

Changes of efficiency with Reynolds number under different
eccentricity ratios are presented in Fig. 11, where the efficiency of
the small-depth traveling-wave rib TMHS varies less, mainly less
than 1, indicating that the pressure drop caused by the small-depth
traveling-wave ribs has a greater impact and cannot completely off-
set its ability to enhance heat transfer. For the large depth travel-
ing wave rib TMHS, the efficiency increases gradually with the
increase of inlet velocity. A higher Reynolds number means a higher
value of flow velocity and a higher intensity of secondary flow; which
improves the heat transfer and thus can be offset or even opti-
mized with the effects generated by viscous forces. The overall effi-
ciency is slightly worse than that of the smooth tube when the
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Reynolds number is low because the ribbed tube produces a larger
pressure drop [56]. In the simulated Reynolds number range, the
overall performance of the traveling wave rib is better than that of
the normal arc rib. Among them, the TMHS of traveling wave
ribs with eccentricity ratios of 0.1 and 0.2 can not only show 6.48%
to 9.25% more efficient overall than TMHS with other eccentric-
ity ratios at high Reynolds number conditions, but also the overall
efficiency is not bad at low Reynolds number conditions, so they
are considered to have better overall performance.
5. Contrastive Analysis on Working Fluids

The working fluids used in this study are mainly nanofluids be-
cause of their excellent thermal performance. To evaluate the en-
hancement effect of nanofluids, Fig. 12 shows the comparison of
deionized water and nanofluids on pressure drop, Nusselt num-
ber, and overall efficiency.

It can be seen that as the Reynolds number increases, the pres-
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sure drop brought by both water and nanofluids is increasing, but
the change rate of the pressure drop rise curve is greater when water
is the working fluid. Since water has lower viscosity, the pressure
drop brought by water is smaller than that brought by nanofluids.
However, as the Reynolds number increases, the effect of the trav-
eling rib on the reduction of pressure drop becomes more pro-
nounced for nanofluids, which is because nanofluids with higher
viscosity can carry out the interruption and recomposition of the
boundary layer more consistently. Although the flow boundary layer
of water can continue to generate some disturbance after the destruc-
tion, the heat transfer capacity of nanofluids is stronger than that
of water, which leads to that the Nusselt number of the nanofluids
coupled with fractal microchannel is 42% higher than that of the
deionized water coupled with fractal microchannel at most.

As a result, the overall efficiency of the nanofluids coupled with
fractal microchannel is 11.54% to 13.74% higher than that of the
deionized water coupled with the fractal microchannel. Even the
overall efficiency of the deionized water coupled with fractal micro-
channel does not exceed 1 under the experimental Reynolds num-
ber range (Re=200-1,000).

CONCLUSIONS

A novel bionic fractal microchannel heat sink with traveling-
wave fins based on fractal theory and disk-like tree-like structure
has been developed. Thermo-hydraulic performance of nanoflu-
ids in the bionic fractal microchannel heat sink with traveling-wave

fins was simulated numerically, and its comprehensive performance
was also studied. The following conclusions are drawn:

(1) The fractal channel will have a fractal effect on TMHS, result-
ing in higher heat transfer performance on the inside of the chan-
nel and lower thermal exchange performance on the outside of the
channel, coupling into the traveling wave ribs can effectively improve
this problem and achieve temperature homogeneity.

(2) TMHS with traveling ribs promotes the change of flow con-
tinuity and the continuous interruption and recomposition of the
thermal boundary layer, which efficiently enhances the thermal
exchange, and the thermal exchange performance varies with the
eccentricity ratio of the traveling ribs. As the eccentricity ratio in-
creases, the Nusselt number first increases by 1.19% to 2.27% and
then decreases by 2.10% to 5.58%, reaching a maximum at an eccen-
tricity ratio of 0.1.

(3) Due to the special characteristics of the traveling wave ribs,
the destruction and regeneration of the boundary layer have a faster
response rate and smoother regeneration, so it can effectively con-
trol the viscous resistance at the bottom of the traveling wave and
achieve a certain effect of reducing the pressure drop. With the
increase of eccentricity ratio, the reduction effect of pressure drop
can be improved from 8.81% to 13.63%.

(4) In the range of Reynolds number in this study (Re=200-
1,000), the comprehensive performance index varies with the depth
of traveling wave ribs, eccentricity ratio, and overall Reynolds num-
ber, while the best comprehensive performance is achieved when
the working fluid is nanofluid, the eccentricity ratio is 0.1 or 0.2,
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and the depth is 0.00020 m or 0.00025 m.

(5) In this paper, a novel TMHS with a working fluid of o-
ALO;-water nanofluids is proposed, which achieves better tem-
perature homogeneity in the channel and on the heated surface,
and at the same time it has a high overall heat transfer efficiency. It
can be applied to the heat dissipation design of small electronic
components or small heat-generating devices, providing a new
idea for the development of a microchannel heat sink.
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NOMENCLATURE

:area of the panel [m’]

: specific heat capacity [J/kg K]

: diameter of the smooth microchannel [m)]

:hydraulic diameter [m]

: eccentricity ratio of traveling wave fins

: distance between the deepest point of the structure and the
center of the structure [m]

: convective heat transfer coefficient [W/m K]

:height from the peak to the trough of the traveling wave
structure [m)]

:height of the microchannel [m]

: Knudsen number

:length of the microchannel [m]

:length of the first level microchannel [m]

:length of the second level microchannel [m]

:length of the third level microchannel [m]

: distance between traveling wave fin structures [m]

:mass flow rate [kg/s]

: width between the peaks of the structure [m]

HS : microchannel heat sink

:molecules per unit volume

: Nusselt number

: pressure [Pa]

: pressure drop [Pa]

- heat flux [W/m’]

: quantity of heat [W]

:radius of disk-shaped TMHS [m]

:Reynolds number

:inlet radius [m]

: temperature [K]

: temperature rise [K]

TMHS : tree-shape microchannel heat sink

u :inlet velocity [m/s]

U :volume flow rate [m’/s]

VvV :velocity [m/s]

W :width of the microchannel [m]

me g

zzErrrrTam 5o

ZOFFREOL BT ZE

Greek Symbols
6  :fractal angle of TMHS [rad]
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A :thermal conductive [W/m-K]

A,  :mean free path [m]

M :Kkinetic viscosity of fluid medium [Pa-s]
v :velocity vector [m/s]

o :density of liquid water [kg/m’]

w  :width difference [mm]

Subscripts

C : cavity

f : fluid

in  :inlet

out :average of outlets
pum : pumping power

r :rib

s : solid

sm :smooth wall surface

w :wall of the microchanne
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