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AbstractOn account of the low heat dissipation problem of common cooling systems, an experimental system with
enhanced structures was set to improve the heat transfer of heat sink cooled by semiconductor and TiO2-water nano-
fluids. The influences of structures (smooth surface, metal foam with PPI=30, cylindrical bulge (height: H=2 mm, stag-
gered arrangement), cylindrical groove (depth: D'=2 mm, staggered arrangement)), nanoparticle mass fractions (=
0.0-0.5 wt%), input power of the semiconductor (P=2 W, 4 W, 6 W), and Reynolds numbers (Re=414-1,119) on the
flow and heat transfer properties of TiO2-water nanofluids were studied. The compositive thermal and hydraulic prop-
erties of the enhanced technologies were analyzed by thermal efficiency. Results indicated that the combination of
semiconductor and metal foam shows the most excellent performance compared with other combinations and it can
be enhanced by 48.1% at best. Nanofluids with =0.4 wt% display the best cooling capacity instead of the highest con-
centration. The cooling effect shows an increasing trend with the input power of the semiconductor.
Keywords: Nanofluids, Heat Sink, Semiconductor, Thermal Efficiency

INTRODUCTION

With the rapid development of computers, the heat dissipation
problems of the heat sink also increase more than ever. The previ-
ous ways of heat dissipation no longer meet the requirements of
the high heat flow density, and the high temperature will reduce
the performance of the heat sink and even the burning phenome-
non will appear. Given the heat dissipation problem, two effective
methods can be taken in terms of the structure of equipment and
working media. Compared with ordinary coolant, on one hand,
nanoparticles can increase the thermal conductivity of the origi-
nal pure liquid and enhance the heat transfer process. At the same
particle volume content, the surface area of nanoparticles is much
larger than that of millimeter or micrometer particles, so the effec-
tive thermal conductivity of nanofluids is greater than that of com-
mon two-phase mixture with millimeter or micrometer particles.
On the other hand, the large Brown force of nanoparticles can ob-
viously improve the heat transfer. Hence, nanofluids can significantly
improve cooling efficiency and heat dissipation. The heat conduc-
tivity of the emerging nanofluids is higher, which significantly im-
proves cooling efficiency and heat dissipation. Under the same heat
transfer volume, nanofluids can transfer more heat, which makes a
crucial contribution to improving the compactness and miniatur-
ization of the heat exchangers. Hence, nanofluids are studied by
researchers in many fields. Chen et al. [1,2] demonstrated that the
solar absorption of SiO2@Au is related with the core-shell propor-

tion and mixing proportion of diverse nanofluids; meanwhile, par-
ticle concentration is also an advantageous factor to enhance the
photothermal conversion efficiency of nanofluids. Xuan et al. [3,4]
proposed that nanofluids offer a huge potential in heat transfer. Li
et al. [5] revealed that Ag@TiO2 nanofluids have high photother-
mal conversion efficiency and have advantages in the application
field of solar collectors. Hu et al. [6] showed that the concentration
of silica nanofluids and particle size have a positive effect on heat
transfer, which is conducive to the augment of the physical prop-
erty of the heat storage media. Nanofluids, as the cooling media
[7-9], are widely applied in the heat transfer field. Researchers have
already investigated nanofluid performance from the angle of types
[10,11], temperatures [12,13], physical properties [14-16], and ther-
mal conductivity [17,18] in recent years.

Impacts of diverse reinforced heat exchange tubes on the heat
transfer were investigated, for instance, double-pipe [19], circular
tube [20], horizontal tube [21], sinusoidal minitube [22], wavy micro-
channel [23]. Furthermore, many investigators conducted numer-
ous researches on natural convection and turbulent convection.
Shahsavar et al. [24] demonstrated that mixed nanofluids (Fe3O4

and carbon nanotubes (CNTs)), whose proportions are 0.9 wt%
and 1.35 wt% respectively, can improve the average Nusselt num-
ber significantly. Izadi et al. fully discussed the natural convection
of various nanofluids in diverse enclosures, such as a vertical shaped
[25], a C-shaped [26], a square [27], and a porous enclosure [28,
29]. Natural convection heat transfer, which has low energy con-
sumption and low noise, cannot satisfy the high intensity of heat
dissipation. Sheikholeslami et al. discussed the turbulent flow of
diverse nanofluids in a circular pipe with helical turbulators [30], a
double-pipe [31], a pipe with twisted tape [32,33], and a storage
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enclosure [34]. It was determined that revolution angle, pitch ratio,
twisted tape are conducive to reinforcing the intensity of heat trans-
fer. Nasiri et al. [35] revealed the mechanisms of Al2O3/H2O and
TiO2/H2O nanofluids at the turbulent flow state, and concluded
that the accumulated concentrations within a certain range are
conducive to strengthening the capacity of heat transfer. Yang et al.
[36] researched the six-bladed impeller for turbulent flow of a sin-
gle and mixing phase in the stirred tank and discovered that the
fluid disturbance can be enhanced by the impellers.

In terms of the structural optimization of heat transfer, the heat
dissipation problems of heat sinks have already become a research
focus. Qi et al. researched the influences of hemispheric bulges
[37], rectangular grooves [38], cylindrical grooves [39] on the heat
sink heat dissipation characteristics, and conclusions all showed
that the heat transfer capacities of the optimized structures are stron-
ger than that of the smooth surface. Dehghan et al. [40] discovered
that the addition of porous materials in the heat sink can strengthen
the heat transfer. Chen et al. [41] chose different size working media
to enhance the exchange efficiency of the microchannel. Shojaeian
et al. [42] investigated the structure effect of a parallel surface micro-
channel, and the viscous dissipation and magnetic field are the
innovative factors for the thermal management of the microchan-
nel. Porous medium, as a burgeoning material, has excellent physi-
cal properties on heat exchange, especially metal foam. Sardari et al.
[43-45] analyzed the diverse metal foam materials from the aspects
of the porosity and pore density. It was discovered that metal foam
can be applied to the areas of the thermal storages and heat ex-
changers. Naphon et al. [46,47] investigated the cooling system of
a mini-rectangular fin heat sink and a vapor chamber with jet liq-
uid, respectively. Results provided some guidance for the cooling
system, which can enhance the cooling performance of the elec-
tronic equipment.

Semiconductor refrigeration, also known as thermoelectric refrig-
eration, is a new pattern of refrigeration technology. Compared with
traditional refrigeration, semiconductor refrigeration has no refrig-
erants and complex mechanical equipment, it has no noise and
vibration, and is environmentally friendly. Semiconductor refriger-
ation has a great development prospect in the industrial field, elec-
tronic field, and automatic control field. Furthermore, diverse
semiconductor nanofluids were prepared [48,49], and they can be
used in the medical field.

The above references show that many researches focus on the
influences of nanofluid variety and microchannel structures on the
cooling characteristics of the heat sink by a large margin. However,
the effects of the semiconductor on the heat sink with enhanced
structures are less studied. To reveal the coupling cooling mecha-
nism of three kinds of enhanced heat transfer technologies (semi-
conductor, heat sink structure and nanofluids), the effects of heat
sink structure on heat transfer performance cooled by semicon-
ductor and nanofluids are investigated in this paper. Results of this
paper can promote the application of semiconductors in the cool-
ing field of electronic components, optimize the structure of a heat
sink and select the most suitable nanofluid composition to achieve
the best cooling performance. To accommodate the heat dissipa-
tion of the CPU, a square heat sink was chosen. In addition, to fur-
ther enhance the heat transfer, some enhanced structures (metal

foam, cylindrical bulge, cylindrical groove) are used in the heat
sink. The major innovations are mainly as below: A semiconduc-
tor is applied to the heat sink cooling, which provides a new cool-
ing method for the electron component. Effects of three different
enhanced structures (metal foam, cylindrical bulge, cylindrical
groove) on the heat sink cooling performance are discussed and
the results are also compared with a smooth surface in this paper;
meanwhile, the consequences are beneficial to the design and
operation of heat sink cooling systems. The structure optimization
of the heat sink coupled with the technology of semiconductor can
provide a new research direction for microchannel cooling and heat
dissipation, and it can be also applied to some large-scale integrated
circuits, power components and equipment cooling.

BASIC RESEARCHES

1. Experimental Set
As is known, the choices of fluid media and heat transfer equip-

ment are particularly significant in the field of heat transfer. TiO2

nanoparticles have extraordinary physical and chemical proper-
ties and are widely applied to photocatalysis, solar heat collection,
coated materials, and aerospace. An emerging medium (TiO2-water
nanofluids) was chosen in this experiment. The size of the nanoparti-
cles was 10nm. Compared with the previous microchannel devices,
the structural design of the heat sink in this paper was optimized,
and the upper side of the cavity was provided with a semiconduc-
tor. The type of the selected semiconductor refrigeration chip was
TEC1-12715, semiconductor refrigeration chip, also known as
thermoelectric refrigeration chip which is a heat pump and a tool
for heat transfer. Semiconductor refrigeration equipment is small,
so it is easy to maintain and simple to operate. Also, the semicon-
ductor is noiseless and low-cost, and it can control the tempera-
ture accurately, adapt to the various environments and own good
adaptability.

Fig. 1 displays the experimental setup for the heat sink cooled
by TiO2-H2O nanofluids and semiconductors. The experimental
equipment principally comprises the heat transfer test portion, flow
resistance test portion, and cooling installation. Considering that
laminar flow is safe and quiet, Reynolds numbers (Re=414-1,119)
were chosen and the heat transfer effect was not obvious at low
Reynolds number; hence, more smaller Reynolds numbers were
not chosen. Reynolds numbers were adjusted by the peristaltic
pump with a speed regulation function, the flow range was 20-190
ml/min and the error accuracy was less than 0.5%. The specific
operation steps were the same as the previous research [50]. Table 1
displays the detailed information of the equipment. The inlet and
outlet of cooling fluid through the heat sink are on the left and
right side. In the experiment, the silicon heating sheet was used to
simulate heating (heating error is ±0.1 oC). The heating power was
provided by a DC power supply. Beyond that, the cold interface of
the refrigeration chip takes away the heat of the cavity and releases
it to the environment on the other side. In the process of refrigera-
tion, the heat density at the hot side is very large. If the heat is not
released in time, it will have a great negative impact on the refrig-
eration of the refrigeration chip. For the sake of strengthening the
convection heat dissipation, an air fan was arranged on the hot



2106 C. Qi et al.

December, 2020

side of the semiconductor, which can accelerate the airflow speed
to achieve timely heat dissipation. Fig. 2 displays the detailed struc-
ture of the miniature device in this experimental system. For the
purpose of comparing the cooling effect of semiconductor coupling
with different structure heat sinks, Fig. 3 shows the smooth cop-
per surface, copper metal foam (PPI (pore density inch) is 30 and

Fig. 1. System schematic diagram.

Table 1. Detailed information of the key equipment
Equipment Feature

Pressure transmitter Range: 60 pa-40 Mpa
Accuracy: 0.25%

Thermocouple
Model: T type
Range: 0-200 oC
Accuracy: ±0.1%

Data acquisition instrument Accuracy: 0.004%
Float-type flow meter Accuracy: ±0.05%

Fig. 2. Particulars of the heat sink, (a) plan elevation, (b) front elevation.

Fig. 3. Particulars of the heat sink, (a) smooth surface, (b) metal foam
with PPI=30, (c) cylindrical bulge (H=2 mm, staggered ar-
rangement), (d) cylindrical groove (D'=2 mm, staggered ar-
rangement).
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porosity is 90%), staggered arrangement bulges and grooves whose
height and depth are all 2 mm. Furthermore, the wall temperature
was measured by nine patch thermocouples, and the inlet and outlet
temperature were measured by two armored thermocouples.
2. Data Cleansing

The hydraulic diameter is:

(1)

The specific heat capacity and density of nanofluids are [51]:

(2)

(3)

Connection between volume fraction and mass fraction is:

(4)

Heat absorption of nanofluids is:

(5)

The temperature of the outside surface is:

(6)

The temperature of the inside surface is:

(7)

The average temperature of nanofluids is:

(8)

Convective heat transfer coefficient is:

(9)

Nusselt number is:

(10)

Reynolds number is:

(11)

Resistance coefficient is reckoned as:

(12)

The compositive assessment exponent (thermal efficiency) is [52]:

(13)

3. Analysis of Uncertainty
The uncertainty of the experiment is of great necessity to be ana-

lyzed, and the equations for Nu and f are severally [53]:

D  
4A
L
-------

cpnf   1  cpbf   cpnp
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----------------------------------
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Two  
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Fig. 4. Comparison between the Nu and that computed by the empirical Eq. (18), (a) P=2 W, (b) P=4 W, (c) P=6 W.
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(14)

(15)

Table 2 displays the uncertainties of variables in the experiment.
The errors of Nu and f are approximately ±5.00% and ±1.176% sev-
erally on the basis of Eqs. (14) and (15); the calculated results can
make sure the precision of the experimental equipment, which raises
the credibility of the system as well.
4. Experimental System Validation

The dependability of the experimental equipment must be veri-
fied. The comparison between the Nu in the article and the empiri-
cal result is calculated by the Eq. (16) as given in Fig. 4 and the
empirical formula is [54]:

Nu=0.566(1+100)0.57Re0.20Pr0.18 (16)

In Fig. 4, the allowable range of deviation between the experi-
mental result and the empirical value is 11%, and the compared
results display that the experimental data in this article are reasonable.

RESULTS AND DISCUSSION

1. Effect of Nanoparticle Mass Fraction
The heat transfer and flow performance of nanofluids in four

diverse heat sinks with a semiconductor were studied. Fig. 5 shows
that the wall temperature of semiconductor heat sink varies with
Reynolds number at diverse nanoparticle mass fractions. Clearly,
high Re is beneficial to decreasing the wall temperature, and it may
be interpreted that the high Re can result in the distinct disturbance
of flow. Moreover, at the same circumstance of input power, the
wall temperatures of the semiconductor heat sink decrease with
the increase of the concentration when =0.0-0.4%, but =0.5%
is disadvantageous to reduce the wall temperatures. When the con-
centration of nanofluids increases, viscosity plays a leading role at
this point. This means that the concentration should be controlled
within a reasonable range. For =0.0-0.4%, the thermal conduc-
tivity is improved after adding nanoparticles into the base solu-
tion, and meanwhile the Brownian motion of the nanofluids im-

Nu
Nu
----------   
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Qf
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 
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2
  

T
T
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 
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p
p
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 

2
  

l
l
----

 
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2
  

qnf

qnf
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 
 

2

Table 2. Uncertainties of variables
Variables Qf T p qnf l

Uncertainties ±5.0% ±0.1% ±0.5 wt% ±1.06% ±0.1%

Fig. 5. Impact of nanoparticle mass fraction on temperature, (a) P=2 W, (b) P=4 W, (c) P=6 W.
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proves the heat transfer capability. Hence, nanofluids with =0.4%
exhibit superior cooling behavior compared with other concentra-
tions. For =0.5%, the impact of viscosity is larger than that of ther-
mal conductivity; hence, nanofluids with =0.5% begin to reduce
the thermal performance.

Also, metal foam with PPI=30 has the best cooling effect under
the same input power. The wall temperature of the semiconduc-
tor heat sink can be reduced by 6.0% at most in comparison with
that with the smooth surface. In comparison with the cylindrical
grooves, the T of the semiconductor heat sink with cylindrical bulges
can be reduced by 5.7%.

In addition to the influence on wall temperature, the convec-
tion heat transfer coefficients and Nusselt numbers under diverse
Re are exhibited in Fig. 6 and Fig. 7. The convection heat transfer
coefficient and Nusselt number have a positive causal connection
with Reynolds numbers, and the analogous reason has been given

before. For each of the diverse heat sinks, nanofluids with =0.4%
indicate the optimal capacity of cooling property, which can be
increased by 40.9% in comparison to water at optimal conditions.
Besides, the combination of nanofluids with =0.4% and metal
foam with PPI=30 shows the best capacity of heat transfer. Com-
pared with a smooth surface, the increase proportions in Nusselt
number caused by the metal foam with PPI=30, cylindrical bulges,
cylindrical grooves can reach up to 6.7%, 4.7%, 2.5% at most under
the identical circumstance. For metal foam, it has a high surface area
and good physical property (heat dissipation). The porous struc-
ture of the metal foam can strengthen the nanofluid mixing, give
rise to some vortexes, and weaken the laminar boundary layer, thus
bringing about strong convection heat transfer. For cylindrical bulges,
the flow direction of fluids is disrupted by the staggered arrange-
ment cylindrical bulges, thus causing some vortexes and strength-
ening the heat transfer. For cylindrical grooves, some vortexes exist

Fig. 6. Impact of nanoparticle mass fraction on convection heat transfer coefficient, (a) P=2 W, (b) P=4 W, (c) P=6 W.
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in the grooves of the copper surface. On one hand, these vortexes
can aggravate the disturbance in the grooves; on the other hand,
the vortexes in grooves play a rolling bearing role, and the effect of
flow drag reduction can be achieved. The heat transfer effect of
nanofluids is largely enhanced when they pass through these heat
sinks, which manifests that the ingenious design of the heat sink
structure is propitious to boost heat transfer to some extent.

The heat transfer can be intensified by the nanofluids, which
results from the high thermal conductivity; meanwhile, the increase
of resistance coefficient can also result from the rise of mass frac-
tions of nanofluids. The influences of nanoparticle mass fraction
on the resistance coefficient are given in Fig. 8; it is obtained that
the concentrations give rise to the increase in the flow resistance
coefficient. The increase in concentration brings about large viscos-
ity, and the pressure drop also increases. The reason can be ex-

plained as that the high viscosity of nanofluids is detrimental to the
flow resistance. Furthermore, Stokes forces caused by the velocity
between the particles and water molecules can block the flow veloc-
ity [55,56]. Fig. 8 also displays that the resistance coefficient of the
smooth surface is less than the heat sinks with metal foam, stag-
gered cylindrical bulge, and cylindrical groove. The metal foam has
some permeability, which results in the increase of resistance coef-
ficient of the fluid flow. The cylindrical bulge with staggered arrange-
ment can convert the directions of flow tremendously, which can
bring about larger turbulence and a higher resistance coefficient.
The cylindrical groove can cause some eddies and increase the resis-
tance coefficient.
2. Impact of Semiconductor Power

Besides researching the effect of mass fraction, we also further
analyzed the impact of the different input power of semiconductor

Fig. 7. Impact of nanoparticle mass fraction on Nusselt number, (a) P=2 W, (b) P=4 W, (c) P=6 W.



Effects of enhanced structures on heat sink cooling 2111

Korean J. Chem. Eng.(Vol. 37, No. 12)

Fig. 8. Impact of nanoparticle mass fraction on resistance coefficient, (a) P=2 W, (b) P=4 W, (c) P=6 W.

Fig. 9. Impact of power on temperature, (a) smooth surface, (b) metal foam with PPI=30, (c) cylindrical bulge, (d) cylindrical groove.
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Fig. 10. Impact of power on convection heat transfer coefficient, (a) smooth surface, (b) metal foam with PPI=30, (c) cylindrical bulge, (d)
cylindrical groove.

Fig. 11. Impact of power on Nusselt number, (a) smooth surface, (b) metal foam with PPI=30, (c) cylindrical bulge, (d) cylindrical groove.
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on the wall temperature, Nusselt number, convection heat transfer
coefficient, and resistance coefficient.

The semiconductor refrigeration device is a kind of solid com-
ponent with high heat flux density, and the refrigeration technol-
ogy of the semiconductor is relatively simple.

As for the same heat sink, the effects of different heated power
on the wall temperature are displayed in Fig. 9. Conclusions were
obtained that the wall temperatures reduce with the increase of
input power at the same concentrations (=0.0-0.5%). It can be
interpreted as that the higher input power, the more heat is ab-
sorbed by the cold side. The heat absorbed from the cold side (the
heat absorption section) of the semiconductor refrigeration com-
ponent is moved on to the hot side (the heat dissipation section).
Then the absorbed heat is dissipated by the hot side of the semi-
conductor. Increasing the input power of the semiconductor is con-
ducive to reducing the wall temperature of the heat sink, which

contributes to the heat dissipation property of the heat sink.
The influence of the different input power of the semiconduc-

tor on the h and Nu is given in Fig. 10 and Fig. 11, respectively.
Conclusions are obtained that Nu and h inicrease with the semi-
conductor input power. As for the four heat sinks, the convection
heat transfer coefficient at P=6 W is increased by 4.2% and 2.5%
compared with that at P=2 W and P=4 W, respectively, at the opti-
mal condition. In addition, the smooth surface, cylindrical bulge,
cylindrical groove at P=6 W can increase the Nusselt number by
4.8%, 4.5%, 4.4% at most in comparison with that at P=2 W, re-
spectively. This reveals that the cooling property of the heat sink is
boosted by a small increase of the power, and the increasing input
power is propitious to strengthening the ability of heat transfer.
3. Compositive Assessment

In addition to the increase in the capability of heat transfer, the
enhanced technologies also cause an increase in the pressure drop.

Fig. 12. Thermal efficiency compositive assessment, (a) P=2 W, (b) P=4 W, (c) P=6 W.
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To make the most suitable choice, a compositive performance ex-
ponent is necessary to assess the heat transfer and pressure drop.

The compositive assessment computed by Eq. (13) is used to
appraise the flow and thermal performances, and the results are in
Fig. 12. The tendency of compositive performance keeps pace with
Nusselt number. The mass fraction range from =0.0% to 0.4%
can improve the compositive performance exponent. However, the
nanofluids =0.5% deteriorates the heat transfer, and it is because
that viscosity plays a blocking influence. Compared to the heat
sink with the smooth surface, the compositive performance of metal
foam with PPI=30, cylindrical bulge and cylindrical groove can be
increased by 4.6%, 2.3%, 1.6%, respectively. Furthermore, Fig. 13
shows the impact of input power on the thermal efficiency com-
positive assessment exponent, and results indicate that the com-
positive assessment exponent increases with the input power of
semiconductor. The reason is similar to that of Fig. 12 and Fig. 13,
which have been explained in detail before. For a smooth surface,
metal foam, cylindrical bulge and cylindrical groove, the semicon-
ductor with P=6 W shows the highest thermal efficiency expo-
nent which can reach 1.51, 1.58, 1.54, 1.53, respectively.

CONCLUSIONS

An experimental study was conducted to investigate the effects
of the semiconductor input power on thermal-hydraulic proper-
ties of nanofluids in a heat sink on the basis of thermal efficiency.
Some main conclusions are presented below:

(1) Nanofluids with =0.4 wt% display the best cooling capac-
ity instead of the highest concentration.

(2) The combination of semiconductor and metal foam shows
the most excellent performance compared with other combina-
tions and it can be enhanced by 48.1% at best.

(3) The cooling effect shows an increasing trend with the input
power of the semiconductor.

(4) Four diverse heat sinks are coupled with a semiconductor
cooling technology, which can give guiding significance to the im-
provement of cooling performance in the heat sink.

(5) Nanoparticle shape may influence the heat transfer. The nano-
particles used in this paper are spherical. However, due to the limita-
tion of the actual preparation process, some particle sizes of the pre-
pared nanoparticles may be not spherical in an absolute sense, which
may cause some errors between the results of this paper and others.

(6) Although nanofluids prepared in this work are highly stable,
due to various factors in actual operation the stability still affects
its wide application. The stability of nanofluids in different envi-
ronments is still needed to be investigated further.

(7) The future work is to research the impact of larger semicon-
ductor input power on the cooling system. If the heat density is too
large and is not dissipated in time, it will have a negative impact
on the cooling of electronic components.
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NOMENCLATURE

A : area of the copper [m2]
cp : specific heat of nanofluids [J·kg1·K1]
D : hydraulic diameter [m]
D' : depth of cylindrical groove [m]
f : frictional resistance coefficient
h : convection heat transfer coefficient [W·m2·K1]
l : length [m]
L : wetted perimeter [m]
Nu : Nusselt number
p/l : pressure drop per unit length [Pa/m]
PPI : pores per inch
Q : heat absorption of nanofluids [W]
q : mass flow rate [kg/s]
Re : Reynolds number
T : temperatures [K]
u : velocity of nanofluids [m/s]

Greek Symbols
 : density [kg/m3]
 : volume fraction [%]
 : mass fraction [%]
 : thickness of copper [m]
 : thermal conductivity [W·m1·K1]
 : dynamic viscosity [Pa·s]
 : compositive assessment exponent

Subscripts
bf : base fluid
nf : nanofluids
np : nanoparticle
w : wall
in : inlet
out : outlet
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