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COOLING OF HIGH HEAT FLUX FLAT SURFACE WITH NANOFLUID
ASSISTED CONVECTIVE LOOP: EXPERIMENTAL ASSESSMENT

Experimental investigation was conducted on the thermal performance and pres-
sure drop of a convective cooling loop working with ZnO aqueous nanofluids. The
loop was used to cool a flat heater connected to an AC autotransformer. Influence
of different operating parameters, such as fluid flow rate and mass concentration of
nanofluid on surface temperature of heater, pressure drop, friction factor and overall
heat transfer coefficient was investigated and briefly discussed. Results of this study
showed that, despite a penalty for pressure drop, ZnO/water nanofluid was a promising
coolant for cooling the micro-electronic devices and chipsets. It was also found that
there is an optimum for concentration of nanofluid so that the heat transfer coefficient
is maximum, which was wt. % = 0.3 for ZnO/water used in this research. In addi-
tion, presence of nanoparticles enhanced the friction factor and pressure drop as well;
however, it is not very significant in comparison with those of registered for the base
fluid.

1. Introduction

Continuous progress in designing the microprocessors and micro-electronic
chipsets has led to an increase in demands for some specific types of cooling systems
with the capability of high heat flux removal. It is predicted that soon enough, the
heat produced by the micro-electronic circuits reaches to 100 W/cm?, which implies
that conventional cooling systems cannot provide sufficient cooling capacity to cool
down the future processors. This is because thermal conductivity of conventional
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coolants such as air or water is limited; therefore, there is a need to investigate
new-engineered coolants for advanced thermal engineering systems. Nanofluids
are a new generation of coolants comprising solid particles with average size of
0-100 nm dispersed within the conventional coolants such as water or oil. Normally,
solid particles are metallic solids, which have higher thermal conductivity than
liquids and other solid materials. It has been shown that nanofluids represent better
thermo-physical properties such as thermal conductivity, density and viscosity. In
addition, they represent lower pressure drop in comparison with micro-fluids.

Much effort has been made to investigate the potential application of nanofluids
in cooling of microelectronic devices. For example, Ghasemi et al. [1] investigated
the influence of nanofluid on the convective heat transfer and thermal performance
of a heat sink. TiO, aqueous nanofluid was used and it was found that thermal resis-
tance of the system decreased, while the heat transfer coefficient of the system was
higher than that of reported for the base fluid (water). Sarafraz et al. [2] performed
some experiments on the thermal performance of a cooling loop working with
liquid gallium and CuO/water nanofluid. They showed that despite the promising
performance of liquid gallium, CuO/water nanofluid represents lower pressure drop
and pumping power and can be a better alternative for cooling systems. Nazari et al.
[3] compared the thermal performance of a central processor unit (CPU) cooler for
different nanofluids including alumina and Carbon Nano Tube (CNT) nanofluids
and different base fluids. Their results showed a 4% increase in the heat transfer
coefficient in the case of ethylene glycol (30%). An increase of 6% was also re-
ported by using 0.5% volume fraction of alumina nanofluid. The best heat transfer
enhancement (about 13%) was related to CNT nanofluids with the volume fraction
of 0.25% for the flow rate of 21 ml/s.

Ghasemi et al. [4] investigated the influence of geometry of channel on the
thermal performance of a mini-channel CPU cooler and showed that, with an
increase in diameter of channel, pressure drop in the heat sink reduces. They
optimized the performance of the CPU cooler based on the diameter of the channels.
Hu et al. [5] designed a water-cooled thermo-electric system for CPU cooling with
the capacity to save energy and to prevent from condensation on CPU. The system
worked with air and water and showed a reasonable thermal performance at sever
operating conditions.

The utilization of nanofluids for cooling the computer chips was investigated
by Rafati et al. [6]. For this study, different base fluids were used including the
water and ethylene glycol. In addition, three different nanofluids were used as the
coolant. Results demonstrated that heat transfer rate was enhanced when nanofluid
was used. Sarafraz et al. in a series of experiments on different nanoparticles dis-
persed in conventional based fluids such as alumina[7, 8], copper oxide [9-11],
silver [12, 13], zirconia [14] and carbon nanotube [15—18] and found out that foul-
ing is the major disadvantage of the nanofluids and depending on the type of the
heat exchanger, different rate of fouling can be seen within the system. In another
study on the thermal performance of a thermosyphon, Sarafraz et al. [19] showed
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that, although nanofluids offer the better thermal performance in comparison with
traditional coolants, there are challenges, which limit the application of the nanoflu-
ids in different heat exchanging systems. Boiling heat transfer limitation [20, 21],
formation of bubble blanket [22-24] and poor thermal conductivity and its low
contribution in boiling heat transfer of base fluid [25, 26] are examples of these
challenges. These challenges not only hinder the commercialization of the nanoflu-
ids in cooling systems but also motivate the experts for doing further research
on other nanofluids to select the best potential coolant for the convective/boiling
cooling cycles [27].

In the present work, thermal performance of a convective cooling loop is ex-
perimentally investigated for ZnO aqueous nanofluids at mass concentrations of
0.1% to 0.4%. Nanofluids are prepared using two-step method and are stabilized
using ultrasonic and Nonyl Phenol Ethoxilate (NPE) surfactant. The heat transfer
characteristics of ZnO/water nanofluid including temperature, overall heat trans-
fer coefficient, pressure drop and friction factor is experimentally assessed and
discussed, when the cooling loop is used to cool a flat heater. The heater is geomet-
rically similar to the processor units and results can be used for further research on
CPU and microelectronics.

2. Experimental

2.1. Test rig

Fig. 1 represents the schematic diagram of the test rig used in this research.
Nanofluids are stored in the tank and are pumped using a pump into (manufactured
by DAB Co) the loop. The flow rate of the pump is controlled with a bypass cycle
and flow rate is measured using ultrasonic flow meter (manufactured by Flownetix
Co). Temperature and pressure of the fluid before and after the test section is
constantly measured using two RTDs and two pressure transmitters. A copper-
made liquid block is used for cooling the flat heater installed on the top of the flat

By-pass cycle

_______________ Cooler

Location of surface thermocouples

Nanofluid
tank

|
Lo = ] Ultrasonic Heater
Miniature pump flow meter

AP

Fig. 1. Schematic diagram of the experimental setup used in this research
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heater. Silicone paste was used between liquid block and the flat heater to reduce
the thermal resistance between thermocouple and its thermo-well. The geometrical
properties of the flat heater are similar to conventional processor units (CPU), so
this convective loop can be used for cooling any processors.

Three different k-type thermocouples were installed on the surface of the heater
to monitor the surface temperature and prevent from overheating the heater. The
arithmetic average of the temperature readings from the thermocouples are consid-
ered as the surface temperature of the heater (7). Thermocouples were connected
to a Proportional-Integral-Differential (PID) controller to control the threshold of
the temperature. Heater was connected to a regulator AC transformer (manufactured
by Emersun Co). By applying different voltages to the heater, different heat fluxes
are applied into the liquid block. Then, the temperature of the coolant is reduced
to tank temperature using an airside cooler. Noticeably, for better comparison, the
temperature of tank is constant at any given heat fluxes.

To measure the overall heat transfer coefficient (U), equation 1 was used,
which has been obtained by an energy balance between heater and liquid block:

ovCp (Tour — Tiy)

U= (D
AAT mTD
and,
T.,. —T,,;) — (T, — T;
ATLMTD — ( w ()Mt) ( w m) (2)
11‘1 ((Tw - Tout))
(Tw - Tm)

where, p is density (kg/m3), v is the flow rate of fluid (m3/s), Cp is the specific
heat, T;, and T,,, are temperature of outlet and inlet sections, respectively. T,, is
the arithmetic average of the three k type thermocouple readings and A is the heat
transfer area of the heater. The Darcy-Weisbach friction factor was estimated with
the following equation:

AP,y

L 2G?
Dhyd. Pnf
For this equation, L is the exact vertical distance between two ports of heat ex-
changer, G is the mass velocity, which is the product of the density, p and volumetric
fluid flow rate and AP is the pressure drop obtained during the experiments.

Reynolds number is also calculated with the following equation:

f= 3)

vD
Re = PV~
Mnf

“4)

p is density (kg/m?) and nf stands for nanofluid, v is the velocity of fluid, D is the
hydraulic diameter of the liquid block (m) and y is the viscosity of fluid (kg m/s?).

The uncertainty of experiments was analyzed with Kline-McClintock equation
[28] and the overall uncertainty was found to be 9.8%.
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2.2. Nanofluid preparation

Nanoparticles were purchased from US nano and used as purchased (no me-
chanical treatments were applied). A two-step method was used for preparing the
nanofluids. In order to check the quality of the nanoparticles and also the prepared
nanofluids, the morphology, size and purity of particles were analyzed using scan-
ning electron microscopic image (SEM), Transmission Electron Microscopic image
(TEM), and x-ray diffraction test (XRD). To prepare the nanofluids, ZnO nanopar-
ticles of required weight were uniformly dispersed in water at with mass fractions
of 0.1%-0.4%. Nonyl-Phenol Ethoxylate was added to the nanofluids at 0.1% of
general volume of base fluid to prevent it from any changes in thermo-physical
properties. The Ultrasonic at power of 400 W and at frequency of 40 kHz was
applied to the nano-fluids to crack any agglomeration or clusters of nanoparticles
dispersed within the base fluid.
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Fig. 2. a) Scanning Electron Microscopic image (SEM), b) Transmission Electron Microscopic
image (TEM) of ZnO/water at wt. % = 0.1, and ¢) XRD pattern of ZnO nanoparticles
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Figs. 2a,b show the results of microscopic images taken from the nanoparti-
cles before dispersion (SEM) and nanofluid samples (TEM). Fig. 2a presents the
Scanning Electron Microscopic image (SEM) taken from the nanoparticles. As can
be seen, particles are spherical with the same size of 20—30 nm. No agglomeration
is seen within the solid nanoparticles. Fig. 2b shows the Transmission Electron
Microscopic image taken from the prepared sample at wt. % = 0.1. As can be seen,
neither agglomeration nor clusters can be seen in the image. The estimated size in
TEM image is in a good agreement with the size claimed by manufacturer and that
of obtained from SEM image. All sizes were within the range of 20-30 nm.

Fig. 2c represents the XRD pattern of ZnO nanoparticles. As can be seen,
the curve and also the characteristic peaks of the XRD pattern are broad be-
cause of the nano-size effect. Importantly, the peaks locations are in accordance
with the reference pattern for ZnO. Moreover, no other peaks are seen in the
XRD pattern meaning that there is no impurity in the structure of nanoparticles.
In addition, molecular structure (shape phase) of ZnO was found to be amor-
phous. This structure, due to its symmetric bonds, has higher thermal conduc-
tivity rather than other molecular structures, which is suitable for heat transfer
applications.

2.3. Thermo-physical properties of nanofluids

Table 1 shows the experimentally measured thermo-physical properties of
ZnO nanofluid at mass concentrations of 0.1-0.4 at temperature 60°C. As can
be seen, thermal conductivity of the nanofluids increases, when concentration of
nanoparticles inside the base fluid increases. For instance, at wt. % = 0.1, thermal
conductivity of the nanofluid is 1.08 times higher than that of measured for the base
fluid. This is mainly due to the internal thermal conductivity of ZnO nanoparticles
inside the base fluid. Likewise, Brownian motion of particles is another reason for
the enhancement of thermal conductivity. The Brownian motion of the particles not
only creates micro-convection heat transfer within the base fluid, but also creates
local agitation and turbulent spots in the bulk of base fluid. The former increases

Table 1.
Thermo-physical properties of ZnO/water nanofluids at 60°C

TR

Physical propoerties (m) Enhancement ratio (m—n)
bf

Mass concentration wt.% =0.1 | wt.% =02 | wt.%=0.3 | wt.% =04
Thermal conductivity 1.07 1.11 1.15 1.23
Density 1.03 1.06 1.1 1.11
Viscosity 1.04 1.07 1.11 1.14
Specific heat 0.99 0.98 0.97 0.96

Thermal conductivity, density, viscosity and specific heat of the base fluid are:
0.61 W/m. K, 0.998 kg/m3, 0.89 cP, 4.187 kJ/kg K, respectively.
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the energy transport inside the base fluid and enhances the thermal conductivity.
The latter phenomenon results in the enhancement of convective heat transfer
coeflicient, as well. This is because particles can create a chain and cluster of
conductive medium within the bulk of base fluid. In addition, according to the
layer theory, a layer of liquid is formed around the particles and this layer has a
thermal conductivity higher than the liquid and smaller than the solid. Thus, it can
enhance the overall thermal conductivity, as well. The higher the concentration of
nanoparticles, the higher the number of these layers, and as a result, higher thermal
conductivity can be obtained. For density, due to the presence of the particles,
relative mass of the nanofluid increases, which leads to the enhancement of density.
As can be seen, with an increase in the mass concentration of nanoparticles, density
increases.

Viscosity of the nanofluids is increased, when concentration of particles in-
creases inside the bulk of the base fluid. For the specific heat, as the specific heat of
ZnO particles is lower than that of water, therefore increasing the concentration of
particles inside the base fluid decreases the specific heat of the nanofluids. Notice-
ably, the results were measured three times to ensure repeatability and productivity
of the results. More importantly, properties were only measured at temperature
60°C and it was assumed that physical properties of the ZnO nanofluids remained
steady at temperatures that ranged from 40-70°C and were equivalent to the mea-
sured values at 60°C.

It is worth saying that the viscosity of nanofluids was measured using DV-
IT + PRO digital viscometer (manufactured by Brookfield Co., Accuracy: +1.0%
of reading/Repeatability: +0.2%). Density was also measured using DMA 4500
ME (manufactured by Anton Paar Co., Accuracy: +=1.0% of reading/Repeata-
bility: 0.00001 g/cm?). Thermal conductivity was also measured using DTC300
(manufactured by TA Instrument, Accuracy: +3%—-8% depending on thermal resis-
tance/Repeatability: +1 to +2% depending on thermal resistance/Standard: ASTM
E1530) and proved by Decagon KD2 pro. Specific heat was measured by DSC
Mettler Toledo instrument (accuracy: +0.1% reading).

Likewise, variation of thermo-physical properties at temperature range of
25°C-80°C was found to be insignificant. Therefore, it is assumed that the ex-
perimental thermo-physical properties are constant during the experiments.

3. Results and discussion

Fig. 3 represents the dependence of the overall heat transfer coefficient on flow
rate of nanofluid (Reynolds number) and on various mass concentrations of ZnO
nanoparticles in water. As can be seen, with an increase in flow rate of nanofluid,
not only average velocity and Reynolds number increases but also the overall heat
transfer coeflicient increases, too. For example, for wt. % = 0.3 at Reynolds number
of 310, the overall heat transfer coeflicient is 380 W/mZK, while at Re = 600, it
is 700 W/m?K. Interestingly, with an increase in mass concentration of nanofluid,
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Fig. 3. Dependence of overall heat transfer coefficient on flow rate for different mass concentrations

the overall heat transfer coefficient increases up to wt. % = 0.3 and for mass
concentrations > (.3, the heat transfer coeflicient decreases. This phenomenon is
largely due to the enhancement in viscosity of the nanofluid, instability due to
the presence of high-concentration ZnO nanoparticles within the base fluid [27].
Likewise, in order to validate the results, the experimental data were compared to
those of results obtained with well-known correlations such as London-Shah [29]
and McCabe et al. [30], which both have been obtained for water. The absolute mean
error (A.M.E) of the results for water was within the 6.1% and 11.8%, respectively,
obtained with the following equation:

hexperimental - hcalculated

1 n
AME. =~ Z 100 (5)

T

hexperimental

Fig. 4 shows the dependence of pressure drop on flow rate at different mass
concentrations. As can be seen, for mass concentrations of 0.1% and 0.2%, a
penalty for pressure drop is registered. However, at higher concentrations such as
0.3% and 0.4%, pressure drop is significantly larger than 0.1% and 0.2%. This is
associated with the enhancement in viscosity and presence of nanoparticles within
the base fluid, which increases the friction factor as well [29].

Fig. 5 represents the dependence of friction factor on flow rate and for various
mass concentrations of ZnO nanoparticles. As can be seen, with an increase in mass
concentration of nanofluid, higher friction factor is seen. Noticeably, presence of
nanoparticles and deposition on the internal walls can enhance the roughness and,
as a result, an enhancement in friction factor parameter [30, 31]. Also, change in
viscosity and density of the nanofluid can be another reason for the enhancement
of friction factor. This is because a viscous and dense fluid can create higher
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Fig. 5. Dependence of friction factor parameter on flow rate for different mass concentrations of
ZnO nanoparticles

friction with the internal wall of the pipe. This phenomenon has previously been
investigated in the literature [32, 33].

Fig. 6 represents the dependence of surface temperature of the heater on time
for different nanofluids. As can be seen, surface temperature of the heater decreases
when nanofluid is used instead of water. With an increase in mass concentration
of nanofluid, the rate of reduction in temperature is increased. However, for wt. %
= 0.3, due to the agglomeration of nanoparticles and due to the enhancement in
pressure drop, temperature slightly increases.

A rough comparison between the results presented in Fig. 6 shows that the best
cooling can be seen for wt.% = 0.3, and temperature of heater is 35% lower than
in the case in which the heater is cooled down with water. For nanofluids at mass
concentrations of 0.4, 0.2 and 0.1, the temperature of heater is 32%, 30% and 27%
lower than in the case in which the heater is cooled down with water.
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4. Conclusion

Experimental investigation on the cooling performance of a convective loop
over a flat heater was performed and the following conclusions were made:

1. The presence of ZnO nanoparticles in the base fluid (here water) enhanced
the heat transfer coefficient by 20.1%. However, it was found that the there
is an optimum for concentration, which is wt. % = 0.3 for our nanofluids.
At higher concentrations, due to the enhancement in viscosity and pressure
drop, a lower heat transfer coefficient was measured.

2. Nanoparticles intensified the pressure drop and it was demonstrated that,
with an increase in mass concentration of nanoparticles, higher pressure
drop was seen, which was mainly due to the enhancement of viscosity of
nanofluid.

3. Nanoparticles enhanced the friction factor parameter due to the enhance-
ment in wall roughness, density and viscosity of fluid. This is because the
presence of nanoparticles increases the density and viscosity of base fluid,
which causes more friction between fluid and internal wall of the pipe. In
addition, deposition of nanoparticles increases the roughness of surface,
which intensifies the friction factor parameter, as well.

Overall, ZnO/water is a promising coolant with high heat flux capability for
micro-electronic cooling because there is a penalty for pressure drop, which should
be considered. In addition, this penalty is a function of mass concentration of
nanoparticles, which needs to be optimized depending on the application.
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