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Abstract 

This work presents measurements of the contact angle of sessile droplets for three nanofluids, 

i.e. water-Al2O3, water-TiO2 and water-Cu. The plates made of glass, anodized aluminium 

and stainless steel of different roughness served as substrates.  Ultrasonic vibration was used 

for 30-60 minutes in order to stabilise the dispersion of the nanoparticles. Nanoparticles were 

tested at the concentration of 0.01%, 0.1%, and 1% by weight. Three methods of contact 

angle measurement were applied. The contact angle was established directly by use of a 

KRÜSS DSA10 goniometer or - building on digital images of droplets, an appropriate 

geometrical approach and tangent methods were applied. The study revealed that the droplet 

contact angle of nanofluids depends on surface roughness, type of substrate, material of 

nanoparticles, and concentration of nanoparticles. 

 

Keywords: Contact angle, Nanofluids, Roughness 

 

Nomenclature: 

D – diameter 
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DIA – droplet image approach 

DIG – droplet geometrical approach 

G – goniometer 

h – height 

r – radius 

α - contact angle 

 

1. Introduction 

 Due to enhanced thermophysical properties, nanofluids can find application in many 

cooling/heating systems [1,2]. Therefore, it is of great importance to precisely establish such 

properties of nanofluids as thermal conductivity, viscosity and parameters particularly 

influencing boiling heat transfer, i.e. surface tension and contact angle. It has been postulated 

that the major reason of critical heat flux improvement in nanofluids is the decrease of static 

contact angle due to nanocoating formation on the heating surface, and by definition, the 

liquid wets a surface more when the contact angle is smaller. The nanocoating – formed on 

surface during boiling process of nanofluid, could significantly enhance the surface 

wettability [3]. Very limited data regarding contact angle of nanofluids are available in the 

open literature [4-11]. Wasan and Nikolov [4] using video microscopy technique, observed 

improved spreading of nanofluids due to ordering of nanoparticles near the liquid/solid 

contact line. As nanoparticles latex spheres of 1 μm in diameter were used. Chengara et al. [5] 

discussed the role of the structural disjoining pressure exerted by nanoparticles on the 

spreading of a liquid film containing these particles. Vafaei et al. [6] established that addition 

of even small amount of (BiTe) nanoparticles dramatically changes the wetting 

characteristics. For pure water the contact angle was very small and increased beyond 40° for 

the nanoparticle concentration of 3⋅10-6 grams of BiTe nanoparticles per gram of deionised 
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water. Kim et al. [7] determined that droplet contact angle of water-ZrO2 nanofluid 

practically does not depend on the nanoparticle concentration and is the same as for water 

(79°). Jeong et al. [8] fixed that water-Al2O3 nanofluid with nanoparticle concentration of 

0.5%, 1%, 2% and 4% by volume show very small contact angle on quenched surfaces (5°-

15°). Kim et al. [7], Coursey and Kim [9] and Golubovic et al. [10] postulated that the major 

reason of critical heat flux improvement in nanofluids is the decrease of static contact angle 

due to nanocoating formation on the heating surface. Kim et al. [7] proposed the modified 

Young’s equation for the contact angle estimation of nanoparticle-fouled surfaces. Sefiane et 

al. [11] building on advancing/receding contact line analysis determined, that the 

nanoparticles in the vicinity of the triple line enhance dynamic wetting behaviour of the 

ethanol-Al nanofluids for concentrations up to ~1% by weight. Vafaei and Wen [12] 

established that the presence of gold nanoparticles significantly affects gas bubble dynamics 

such as the triple line and the instantaneous contact angle. Particularly, promotion of the 

pinning behaviour of the bubble triple line was identified due to presence of 5 nm gold 

nanoparticles. 

 The objective of this work was to investigate the effect of nanoparticle concentration and 

substrate state on the static droplet contact angle. The surface state was characterized by three 

roughness parameters. The plates made of glass, anodized aluminium and stainless steel 

served as a substrate. In each series of measurements fresh nanofluids were used to generate 

sessile droplets. Alumina (Al2O3) and titania (TiO2) oxides were tried mainly for ease of 

manufacture and stabilization compared to pure metallic particles (Cu), which are difficult to 

suspend without agglomeration. Water was selected as a base fluid because of potential 

application of the tested fluids in water heating systems. 

2. Experimental facility and procedure 

2.1. Experimental setup and procedure  
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Two experimental stands were used to measure droplet contact angle, namely KRÜSS 

DSA10 goniometer – Fig. 1 and in-house developed test stand – Fig. 2. Droplets of known 

volume of 2μL were deposited on a substrate using an automatic dispenser or was injected 

slowly onto the solid surface by a syringe. The experiments were conducted under similar air 

conditioned laboratory environments. In order to eliminate the impact of droplet evaporation 

on the measured values of the contact angle, the images of the droplets were taken directly 

after their  deposition – no later than 1 minute. 

 

2.2. Contact angle measurement 

 Values of the contact angle were determined by use of a goniometer (G) or from captured 

image of a droplet. Building on the digital images of the droplets geometrical approach 

(DIG) and developed tangent method (DIA) were applied. Depending on the level of 

wettability two formulas were used in geometrical approach. For contact angles lower than 

30° relationship (1):  

 (1) 
was applied [13,14], while for contact angles higher than 30º, formula (2): 

  (2)  

was used [15], where r and h are radius and height of the droplet, respectively – Fig. 3. 

The tangent method (DIA) is based on the following algorithm: 

1. choose points along the droplet/air interface and one on the heater surface – Fig. 4, 

2. fit an ellipse through the points on the droplet/air interface, 

3. calculate the tangent at the  intersection between this ellipse and the horizontal, 

4. determine the contact angle from the inverse tangent.  

For both approaches average the contact angle was calculated as an arithmetic mean for 10 
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droplets, and for each droplet three measurements were done as a rule. As an example Fig. 5 

illustrates the distribution of contact angle values of ten water-TiO2(1%) droplets deposited 

on the stainless steel substrate. In this case geometrical approach - using Eq. 2, was applied 

to determine the contact angles. It seems, that scatter of the data was mainly caused by 

manual deposition of the droplets. 

2.3. Error analysis 

According to producer of the KRÜSS DSA10 goniometer resolution of the contact 

angle measurement is 0.1o. 

The uncertainties of the calculated contact angle values based on digital images were 

estimated using the mean-square method. The experimental uncertainty of the contact angle 

lower than 30° (Eq. 1) was estimated as follows: 

( )
22
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ααα      (3) 

where the absolute maximal measurement errors of the diameter Δd and height ∆h of the 

droplet are 0.1 mm and 0.1 mm, respectively. The experimental uncertainty of the contact 

angle higher than 30° (Eq. 2) was estimated from the expression: 
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where the absolute maximal measurement errors of the radius and height ∆h of the droplet 

are 0.1 mm and 0.1 mm, respectively. So, the uncertainties of the calculated contact angle 

values based on the digital images (geometrical approach) were equal to ±1º. 

The mean-square method was used also, to estimate the uncertainty of the tangent 

method. Assuming that only two first steps (mentioned above) contribute to the 

uncertainty in the contact angle estimation, the absolute measurement error reads: 
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( ) ( )[ ] ( )[ ]22

fitcoor tgtgtg ααα Δ+Δ=Δ      (5) 

where ( )coortgαΔ  is the absolute error that results from the designation of the 

coordinates of the chosen points along the droplet/air interface and ( )fittgαΔ  is the 

absolute error that results from the fit of an ellipse through the points on the 

droplet/air interface. For small angles αα ≈tg , and the absolute errors ( )coortgαΔ  and ( )fittgαΔ  

are equal to the measurement errors of the length and can be assumed as 0.05 mm and 0.05 

mm, respectively. So, the uncertainties of the calculated contact angle values based on 

tangent method were equal to ±4º. 

 

2.4. Preparation and characterization of nanofluids 

 In the present study Al2O3, TiO2 and Cu were used as nanoparticles while distilled, 

deionized water was applied as a base fluid. Alumina (Al2O3) nanoparticles, of spherical 

form had a diameter ranging from 5 nm to 250 nm; their mean diameter was estimated to be 

47 nm according to the manufacturer (Sigma-Aldrich Co.). Titania (TiO2) nanoparticles, of 

spherical form had a diameter ranging from 5 nm to 250 nm; their mean diameter was 

estimated to be 47 nm according to the manufacturer. Copper nanoparticles, of spherical form 

had diameter from 7 nm to 257 nm; their mean diameter was estimated to be 48 nm 

according to the manufacturer. Dispersants were not used to stabilise the suspension. 

Ultrasonic vibration was used for 30-60 minutes in order to stabilise the dispersion of the 

nanoparticles. Nanoparticles were tested at the concentration of 0.01%, 0.1%, and 1% by 

weight. The pH of nanofluids was about 7. The stability of the produced water-Al2O3, water-

TiO2 nanofluids was pretty good, which means they could stay for a few days without 

visually observable sedimentation, while for water-Cu nanofluid the segregation time was of 
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the order of hours. 

 

2.5. Characteristics of substrates 

 The contact angles of the tested nanofluids were measured on plates made of glass, 

anodized aluminium and stainless steel (316L). The stainless steel plates were roughed with 

emery paper 360, 500, 1000 and 2000. The surfaces of the substrates were cleaned after each 

of test series with acetone and dried in air freely. The roughness parameters of the tested 

surfaces were determined by use of the profile measurement gauge Hommel Tester T500 

with vertical and horizontal resolutions equal to 20 nm and 40 nm, respectively. The 

measured roughness parameters of the tested substrates are shown in Tab. 1. The roughness 

profile of one of the tested stainless steel plates (Fig. 6), shows that the surface was smooth 

and homogeneous. 

3. Results 

 As an example Fig. 7 displays photographs of the sessile droplets of nanofluid water-Cu 

on the stainless steel substrate. The photographs were obtained by use of the goniometer. It is 

seen in Fig. 7 that the increase in nanoparticle concentration results in contact angle decrease.  

 Fig. 8, in turn, illustrates photographs of the sessile droplets of nanofluid water-Al2O3 and 

water-Cu on the stainless steel substrate. The nanoparticle concentration was the same and 

equal to 1%. The photographs were obtained by use of the goniometer. As results from Fig. 

8a, contact angle of water-Al2O3 nanofluid droplet is  greater than for water-Cu droplet, so it 

means that water-Cu nanofluid exhibits better wettability than water-Al2O3 nanofluid (Fig. 

8b).  

3.1. Influence of nanoparticle concentration  
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Fig. 9 illustrates the influence of nanoparticle concentration (0.01%, 0.1%, and 1% by 

weight) on the droplet contact angle of water-Al2O3 nanofluid on the stainless steel substrate 

of different roughness. Contact angle was measured by use of KRÜSS DSA10 goniometer. It 

is seen in Fig. 9 that addition of even small amount of alumina nanoparticles results in 

dramatic increase in contact angle. This phenomenon indicates that the nanoparticles really 

affect the force balance in the vicinity of the triple line and as a result wetting behaviour of 

the nanofluids. Furthermore, alike as in [6] the non-monotonic variation of contact angle with 

nanoparticle concentration was observed. According to Vafaei et al. [6] possible explanation 

of this phenomenon are the particle-fluid interactions and low range electrostatic interactions 

between the nanoparticles that depend on nanoparticle concentration and size.  

It is worthy to stress that contact angle for pure water measured in present study almost does 

not depend on roughness like in [16], and contrary to the results published in [17], where 

contact angle of pure water decreases with the increase of roughness. However, in [17] the 

contact angle measurements were carried out in the environment of pure water vapor.  

 Present results for pure water – for given roughness Ra=0.1 μm and by use of the same 

measuring instrument - KRÜSS DSA10 goniometer, are in excellent agreement with data 

obtained in [7] - point 1 in Fig. 7. 

3.2. Influence of the substrate 

Fig. 10 illustrates the influence of the substrate, i.e. glass, anodized aluminium and stainless 

steel versus nanoparticle concentration on droplet contact angle of water-TiO2 nanofluid. 
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Contact angles were measured using KRÜSS DSA10 goniometer. It is of interest that droplet 

contact angle for distilled water on stainless steel and anodized aluminium is practically the 

same - 79° and 80°, respectively and distinctly smaller for glass - 22°. Moreover, droplet 

contact angle of water-TiO2 nanofluid on stainless steel substrate almost does not depend on 

nanoparticle concentration while for glass increases almost monotonically with nanoparticle 

concentration increase. Droplet contact angle for anodized aluminium substantially increased 

for the highest nanoparticle concentration tested, i.e. 1%. The impact of the substrate on 

contact angle results from complex molecular, electrostatic and chemical interactions between 

the material of the surface, nanoparticles and liquid molecules near the triple line. The 

emanation of these interactions are surface forces and one of the important manifestation of 

these forces is the disjoining pressure [5,11]. A more detailed study on the surface structure 

and surface forces is needed to further explain the influence of the substrate on contact angle. 

 
3.3. Influence of nanoparticle material  

 Fig. 11 displays the influence of the type of nanoparticle material (Al2O3, TiO2 and Cu) 

versus nanoparticle concentration on droplet contact angle of water-based nanofluids on the 

stainless steel substrate. It is seen in Fig. 11, that independent of tested nanoparticle materials 

and nanoparticle loading, addition of nanoparticles results in increase of contact angle 

compared to pure water. This clearly demonstrates the vital impact of nanoparticles on the 

force balance at the contact line.  Contact angle reaches maximum and minimum for water-

TiO2 nanofluid at nanoparticle concentration of 0.01% and 0.1%, respectively. Contrary to 

present data, values of contact angle for water-Al2O3 nanofluid obtained in [7] decrease with 
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nanoparticle concentration increase. This discrepancy may result from different geometry of 

the substrate, i.e. thin wire in [7] and flat plate in present study, different roughness of the 

substrate, that is not given in [7], and various volume of the droplets – 5 μL and 2 μL, in [7] 

and present study, respectively.  

3.4. Influence of surface roughness 

 Fig. 12 shows the influence of stainless steel substrate roughness on the contact angle of 

the three tested nanofluids at the same nanoparticle concentration, i.e. 1%. Contact angles 

were measured using KRÜSS DSA10 goniometer. It seems that droplet contact angle of 

water-Cu nanofluid decreases with roughness increase, while for water-TiO2 and water-Al2O3 

nanofluids substantially increases with roughness increase. As it was discussed in [18] the 

wetting characteristics of rough surfaces depends on the relationship between the droplet size 

and the scale of the roughness. In the case of nanofluids another factor may affect the contact 

angle of rough surfaces, namely the ratio of the mean roughness to the nanoparticle diameter 

Ra/Dp. For large values of this ratio, i.e. for relatively rough surfaces, the nanoparticles may 

settle in the cavities thereby affecting its mouth size and cavity angle. 

3.5. Evaluation  of measurement methods  

 Fig. 13 shows comparison of the results of contact angle measurements of water-Cu 

nanofluid droplets on glass. As it is seen in Fig. 13 droplet contact angle of water-Cu 

nanofluid obtained by three applied methods displays the same tendency of increase/decrease 

of contact angle versus nanoparticle concentration. Furthermore, the discrepancy between 

measurements made by use of KRÜSS DSA10 goniometer and based on digital images is 

distinctly lower for nanofluids than for distilled water. 

4. Conclusions 

 The study revealed that the droplet contact angle of nanofluids depends on roughness, 

type of substrate, material of nanoparticles, and concentration of nanoparticles. 
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 The droplet contact angle for distilled water on stainless steel and anodized aluminium is 

practically the same and distinctly smaller than for the glass substrate. 

 The droplet contact angle of water-Cu nanofluid on stainless steel and glass substrates 

almost does not depend on the nanoparticle concentration. 
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Figure captions 

 
Fig. 1. Krüss DSA10 goniometer 

Fig. 2. Scheme of the test rig: 1 – digital camera, 2 - substrate, 3 - droplet, 4 - screen, 5 – light source 

Fig. 3. Droplet profile 

Fig. 4. Curve fit and tangent determination 

Fig. 5. Contact angle values of ten water-TiO2(1%) droplets 

Fig. 6. Roughness profile of the stainless teel plate (Ra = 0.03 µm) 

Fig. 7.  Influence of nanoparticle concentration: a) 0.01%, b) 1% on contact angle of  nanofluid water-Cu on stainless steel 

substrate (Ra=0.18 µm) 

Fig. 8.  Droplet contact angle of: a) water-Al2O3 and b) water-Cu nanofluids on stainless steel substrate (Ra=0.18 µm); 

nanoparticle concentration – 1% 

Fig. 9. Droplet contact angle of water-Al2O3 nanofluid on stainless steel substrate 

Fig. 10. Static contact angle of water-TiO2 nanofluid on glass, aluminium and stainless steel substrate 

Fig. 11.  Droplet contact angle of water-Al2O3, water-Cu and water-TiO2 nanofluids on stainless steel substrate (Ra=0.12 µm)  

Fig. 12. Droplet contact angle of water-Al2O3, water-Cu and water-TiO2 nanofluids on stainless steel substrate of different 

roughness 

Fig. 13.  Static contact angle of water-Cu nanofluid droplets on glass substrate 
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Tab. 1. Roughness parameters of the tested substrates  
Substrate 

aR  [µm] zR [µm] aW [µm] 

Glass 0.02 0.093 0,023 

Stainless steel 0.03 0.263 0,023 

0.04 0.397 0,043 

0.12 1.54 0,04 

0.18 1.72 0,073 

aR  - an average arithmetical roughness in the range of sampling length 

zR - an arithmetic average of absolute height of five the highest roughness’ peaks and height of five the deepest valleys in 

the range of sampling length 

aW - arithmetical mean deviation in the range of sampling length 
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Research highlights 

 

1- Static contact angle of sessile droplets of three nanofluids has been measured 

2- Influence of nanoparticle type and concentration has been revealed. 

3- Influence of substrate type and roughness has been established. 

4- Three methods of contact angle determination have been applied. 
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