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ABSTRACT  

 Experiments using nanofluids in horizontal, rectangular high-aspect-ratio microchannels 

were performed where heat was provided electrically to the microchannel wall to bring about 

heating and phase change whilst recording temperature (via infrared camera) and channel 

pressure drop. High-speed video captured images of boiling two-phase flow through the 

transparent microchannel wall. Nanofluids used were solutions of aluminium oxide in 

ethanol with particle concentrations from 0.01% to 0.1%, with pure ethanol as reference. 

Fluid mass flux ranged from Reynolds numbers of 2.3 to 18.1 and heat fluxes from 1.5 to 9 

kWm-2. Friction factors for the nanofluids were evaluated. Single phase fluid pressure drop 

did not vary significantly with nanoparticle concentration. When flow boiling occurred, the 

two-phase flow pressure drop was unstable and fluctuating. Inlet pressures had greater 

amplitude of oscillation but similar frequency to outlet pressures. Heat transfer increased 

with the presence of nanoparticles compared with pure ethanol.  Moreover evaporation from 

the meniscus was studied. There is a sudden evaporation phenomenon where the meniscus 

rapidly forms. Infrared data demonstrate the effect of heat flux on temperature distribution 

near the three phase contact line. Nanoparticles enhance boiling heat transfer coefficients, 

peaking at a concentration of 0.05% with significant enhancement over pure ethanol.  
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INTRODUCTION  
 

The need for more effective heat transfer technologies for high-thermal density devices is 

becoming paramount as the operational speed and power of such devices is becoming limited 

by the cooling rate. Such technologies include microscale flows in microchannels [1]-[6]. In 

addition to conventional heat transfer enhancement methods, novel ideas for improving heat 

transfer capacity by using advanced fluids with greater potential to provide better thermal 

characteristics offer new opportunities to improve cooling performances. Bogojevic et al. 

[5,6] and Barber et al. [2,3,4] have reported works on flow boiling heat transfer in 

microchannels and its potential for cooling micro-systems. 

Liquids laden with nanometre-sized solid particles exhibit excellent stability and do not 

experience large scale sedimentation thanks to the size effect and Brownian motion of 

nanoparticles. Nanofluids as a colloidal mixture of nanoparticles (1-100 nm) and a base 

liquid, have been identified as a new type of fluids with enhanced thermal properties, Choi 

and Eastman [7]. Various types of nanoparticles have been reported in literature including 

metallic particles (e.g. Cu, Al, Fe, Au, and Ag) and non-metallic (oxides) particles (e.g. 

Al2O3, CuO, Fe3O4, TiO2, SiC and ZrO2) [8-26]. Some commonly used base liquids for 

suspending such nanoparticles are water, oil, acetone, decene and ethylene glycol. There are 

also some recent studies on refrigerant-based nanofluids, (Trisaksri and Wongwises [23], 

Park and Jung [24, 25]. In flow configuration, the presence of nanoparticles may influence 

the pressure drop characteristics of single phase and flow boiling within small-scale channels 

and consequently affect the overall performances of cooling systems. Several studies have 

been undertaken, to investigate specific aspects of the flow of nanofluids, among these 

aspects; the laminar entrance flow region and fully developed flow region (Hwang et al. [18], 
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Rea et al. [19]), transition flow (Sharma et al. [27], Dong and Leyuan [28]) as well as 

turbulent flow (Xuan and Li [29], Williams et al. [21], Sharma et al. [27],  Duangthongsuk 

and Wongwises [20], Fotukian and Nasr Esfahany [30]) ). Dong and Leyaun [28] studied 

single phase forced convection of Al2O3-water nanofluids in circular minichannels (din = 1.09 

mm) and reported an increase of friction factor with increasing nanoparticle concentration. 

However, the nanoparticle effect diminished significantly at higher Reynolds number. They 

described a prolonged hydrodynamic developing length and an early transition from laminar 

to turbulent flow using nanofluids. A pressure drop penalty was also reported by Fotukian 

and Nasr Esfahany [30] using CuO-water nanofluids in an annular tube with din = 5 mm and 

dout = 32 mm. In contrast, some works showed minimal rise in pressure drop using nanofluids 

(Li and Xuan [31], Rea et al. [19], and Duangthongsuk and Wongwises [20]), especially for 

dilute nanofluids. It was argued that nanofluids can be treated as homogeneous fluids and the 

conventional friction factor correlations can be extended to nanofluids. It is worth noting that 

the aforementioned studies were mostly carried out in large scale or mini-scale circular tubes. 

Nanofluid convective flows in micro-scale channels with different cross-sectional geometries 

still needs further investigation. Beside single phase pressure drop studies, two-phase boiling 

has received recent attention from researchers. Despite this, knowledge of nanofluid flow 

boiling heat transfer in micro-scale is still quite limited and the majority of studies on the 

subject were conducted in pool boiling. Das et al. [32] investigated pool boiling heat transfer 

of Al2O3-water nanofluids. They found that added nanoparticles have pronounced influence 

on deteriorating boiling heat transfer. On the contrary, Wen and Ding [33] concluded that 

alumina based nanofluids can significantly enhance boiling heat transfer. The enhancement 

increased with increasing particle concentration and a 40% heat transfer coefficient 

enhancement was reported at a particle loading of 1.25% by weight.  Moreover, an 

impressive ~200% heat transfer coefficient enhancement was achieved by White [34] using 
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ZnO-water nanofluid on a ZnO coated stainless steel surface. In this study, the achieved heat 

transfer enhancement was correlated to increased nucleation sites density due to surface 

coating. Similar trends were also obtained by Z. Heris [35]. The author [35] studied 

CuO/ethylene glycol-water nanofluids used for pool boiling experiments. It was concluded 

that heat transfer coefficient was significantly enhanced by nanofluids, and the heat transfer 

enhancement increased with increasing particle concentration. A 55% heat transfer 

coefficient enhancement was reached at 0.5% particle loading by weight. The authors 

highlighted the importance of the interactions between nanofluids and the boiling surface. 

Kole and Dey [36] conducted experimental investigations on heat transfer characteristics of 

ZnO-ethylene glycol nanofluids during pool boiling. Similar to Zeinali Heris [35], the boiling 

heat transfer coefficient was found first to increase and then drop as the nanoparticle 

concentration increases from 0 to 2.6vol%. The peak in heat transfer coefficient occurred at 

1.6 vol% and an increase of 22% was reported. The decrease in boiling heat transfer was 

considered to be the consequences of the reduced ZnO concentration for heat transfer and the 

blockage of active nucleation sites, both of which were caused by deposition of nanoparticles. 

The existence of an optimum nanoparticle concentration for heat transfer enhancement was 

later established in many studies [2], [35]-[40].  Chang et al. [37] investigated the effects of 

particle volume fraction on spray heat transfer performance using Al2O3-water nanofluids. 

The fractions of the tested nanofluids ranged from 0 to 0.05 vol%. The optimal heat transfer 

performance was achieved at 0.001vol%, whereafter heat transfer deteriorated with further 

increases of volume fraction. Based on the SEM images and surface composition analysis, it 

was concluded that the higher the fraction, the thicker the nanoparticle deposition layer 

formed on the heated surface, which hinders convective heat transfer. Jung et al. [40] found 

that boiling heat transfer coefficient would become lower than that of the base liquid as the 

concentration of nanoparticles increases. Apart from the blocking of the active nucleation 
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nanofluids in a horizontal tube. The R134a-based SiO2 nanofluid stability was relatively poor, 

where a 55% heat transfer decrease was encountered. However, excellent dispersion was 

achieved for a mixture of R-134a and polyolester oil with CuO nanoparticles, and more than 

100% heat transfer coefficient enhancement was found compared with the base liquid. 

Similarly, Park et al. [46] also reported decreased heat transfer in unstable R-134a-based 

nanofluids. They suggested that the modification of particle surface properties could improve 

the nanofluid flow boiling heat transfer performance.  

Although nanofluids were reported to have improved thermal performance of liquids 

compared to pure liquids while inducing very little rise in pressure drop ([45], [47]), the 

application of nanofluids is still in its infancy. Many questions regarding heat transfer 

characteristics and the underlying mechanisms still to be elucidated.  

 

EXPERIMENTAL APPARATUS AND PROCEDURE 

General description  

The experimental apparatus and configuration (see Figure 1) consists of a micro-channel 

coated with a layer of tantalum on its outer surface. Both ends of this layer were connected to 

a DC power supply to ensure the micro- channel heating. This transparent heating technique 

was employed to guarantee the flow visualisation using a CCD camera as well as an infrared 

camera for thermal mapping, see Barber et al.  [2-4]. K-type thermocouples were located at 

the inlet and outlet of the channel to measure the corresponding temperatures. A high speed 

camera (NanoSense® MKIII) was installed above the test section to provide synchronised 

observations. The rate of this camera was set from 500 fps to 2500 fps depending on the 

different visualization requirements. 
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The mass flow rate was controlled using a syringe pump. All the tests were conducted at 

atmospheric pressure in a range of channel sizes. The horizontal, rectangular high-aspect-

ratio microchannel dimensions were: Win=8 mm, din=0.8 mm and dwall=0.54 mm. The test 

fluid is pure ethanol with nanoparticles. The nanoparticles are provided by SigmaAldrich®. 

In this particular study, we used aluminium oxide particles, Al2O3, in ethanol. The mass of 

nanoparticles was measured using a micro-balance and solutions were prepared with the 

following concentration; 0.01%, 0.05% of 0.1% (in ethanol). The mixture was then put in an 

ultrasonic bath for at least two hours and a half before performing the experiments. The 

experimental uncertainties mainly came from pump velocity (± 0.5 %), input power (voltage: 

± 0.2 % and current: ± 0.5 %), channel dimension (depth and thickness: ± 10 %, width and 

length: ± 2 %), temperature measurements (IR camera: ± 1 %, thermocouples: ± 0.05 K).  

Nanoparticles (Sigma Aldrich®) were purchased in powder form. The particle size was 

less than 50 nm according to the manufactures specifications. The nanofluid concentration 

was described in volume percentage, noted as vol%. Nanofluids were prepared by measuring 

the required mass of nanoparticles using a microbalance and dispersing the nanoparticles into 

the known volume of base liquid (ethanol).  

A magnetic stirrer was used for nanofluids dispersion. Nanofluid solutions which were 

made by magnetic stirrer and ultrasonic bath were compared.  Ultrasonication ensured better 

suspension stability. Therefore, an ultrasonic bath was used for nanofluids preparation. Most 

importantly, nanofluids made by ultrasonic bath could stay well-suspended for at least 7 

hours, which was stable long enough for each set of experiment, as shown in Figure 2. The 

physical properties of nanofluids such as density and dynamic viscosity which are needed for 

the related data reduction were measured in the laboratory. 
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During single phase flow, the inlet and outlet pressures of the micro-channel test section 

were measured via a pair of pressure transducers located at the channel entrance and exit. The 

pressure readings were taken with a National Instrument® Data Acquisition card at a 

frequency of 200 Hz. The offset pressures resulted from the background noises were recorded 

prior to each test when the channel was filled with stagnant working fluid. Then the offset 

pressures were subtracted from the acquired raw data. Darcy friction factor was calculated 

and compared with the predictions of conventional theory for both pure and nanofluids.  

After each test with nanofluids, all the components in the entire flow loop including 

connecting pipes, valves, reservoir and micro-channel test section were thoroughly cleaned 

by running water, ultrasonic bath and dried by compressed air.  

   In addition to the above, Infra-red thermography is used to map the wall temperature of 

channels. ThermoVision® 900 infrared camera was used to record the temperature profiles 

across the micro-channel outer surface. It has a resolution of 204 pixel × 88 pixels and an 

accuracy of ±1 K or ±1% for different temperature ranges. The highest frequency was 50 fps 

and was adopted in all experiments. The ThermaCAM Researcher Professional® software 

was used to analyse the IR image sequences and extract temperature profiles.  

RESULTS AND ANALYSIS  

Analysis of pressure drop and friction factor deduction  

   A series of single phase pressure drop measurements were performed with an increasing 

volume flow rate from 1 ml·min-1 to 144 ml·min-1 (the limit of the used pump). Experiments 

for each flow rate in each micro-channel were repeated for three times on different days. It 

was found that measured pressure drop variations were less than 5%, indicating good 

reproducibility. These three measurements in each test series were averaged and used for 

friction factor calculation.  The difference between inlet and outlet pressures gave the total 
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imposed heat flux led to boiling ensuing within the microchannel. This will be examined in 

the following section. 

Two-phase boiling heat transfer 

Increasing the applied power, leads to a transition to a two-phase boiling regime. This regime 

is studied by measuring pressure drops and wall temperature profile. Pressure drops across 

the microchannel were obtained and their oscillations investigated. In Figure 5 the inlet and 

outlet pressure signals are presented. A comparison between single phase and two-phase 

pressure measurements are highlighted.  Periodic oscillations are clearly identifiable in the 

case of two-phase flow. Detailed pressure drop is given in Figure 6; inlet pressures have 

higher amplitudes than those at the outlet. There are rapid (short timescale) oscillations and 

slow (long timescale) oscillations superimposed, as can be seen in the magnified results for 

one second in Figure 6b. 

In addition to pressure oscillations measurements, wall temperature was recorded 

simultaneously. Figure 7 shows an example of a map of wall temperature acquired by the 

infrared camera. Temperature varies across the surface area and increases in the flow 

direction. The spatial temperatures and flux are used to estimate local heat transfer 

coefficients along the channel axial direction: 

local,LlocalW,
local TT

qh
��

�                                 (12) 

where TW,local is the local temperature of the channel outer surface measured using the IR 

camera, TL,local is the local liquid temperature. This local liquid temperature was calculated 

based on the assumption that all the effective applied heat flux was used to heat up the liquid. 

This leads to the following energy balance, 
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three different mass fluxes (Reynolds numbers). It can be seen that the maximum heat 

transfer coefficient occurs at a nanofluid concentration of 0.05% for a range of Reynolds 

numbers for all positions along the channel.  It is clear, from Figure 9 that there is a heat 

transfer enhancement brought about by nanoparticles at concentration below 0.05%. This 

seems consistent for all Reynolds numbers and any position along the channel.  Heat transfer 

enhancement is however greatest at positions further downstream. The heat transfer 

coefficient is enhanced by a factor of up to five-fold when comparing pure liquid to a 

nanofluid at 0.05% concentration. At higher nanoparticle concentration the enhancement to 

heat transfer is reduced relative to that at 0.05%. 

Visualisation of the two-phase nature of the flow was possible with the equipment and 

provides details of vapour bubble growth in a microchannel as shown in Figure 10.  

Flow patterns for nanofluids boiling in the microchannel were characterised using high speed 

imaging. These seem to be consistent with flow patterns known and observed during these 

experiments, as given in Figure 11, for pure liquids. The presence of nanoparticles appeared 

to make the meniscus more stable than that for pure ethanol alone, especially at higher 

flowrates and higher applied power. The experimental observations of flow patterns 

highlighted the importance of heat transfer near the contact line. This will be investigated and 

presented in the following section. 

Heat and Mass Transfer near the contact line 

It was concluded from the previous section that heat and mass transfer near the three 

phase contact line is crucial. In what follows we present experimental data investigating the 

behaviour of a stationary meniscus undergoing heat and mas transfer. A meniscus was 

maintained in a vertical micro-channel to study the evaporation process and elucidate 

underlying heat transfer mechanism near the contact line. A controllable heat flux was 













23 
 

boiling is greatly enhanced with the presence of nanoparticles. It appears to have a maximum 

at a nanoparticle concentration of 0.05% with about fivefold enhancement over pure ethanol. 

Future work would include the use of more intermediate concentrations of nanofluids 

especially in the vicinity of the observed peak at 0.05% in order to refine the optimum 

concentration estimate. Further experiments with microchannels of other aspect ratios will be 

performed to assess their effect. 

From the two-phase visualisations, bubble confinement and deformation are reported; 

these are phenomena not usually seen in larger channels. The observations and measurements 

of the two-phase flows were performed for the same conditions as those for the single 

evaporating meniscus and this fundamental approach should lead to a better understanding of 

contact line dynamics in two-phase flows. The study of heat and mass transfer near the three 

phase contact line reveals the important role played by this zone in two phase flow boiling in 

microchannels. 

 

NOMENCLATURE  

A area 

Cp specific heat capacity 

d diameter    

f friction factor  

G mass flux    

h convective heat transfer coefficient 

K loss coefficient 

l length 
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