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Abstract
Surfactants with a wide range of uses are often preferred to reduce particle aggre-
gation in nanofluid and provide stability. However, added surfactants affect the 
properties of not only nanofluids but also base fluids. In this study, binary mixtures 
were prepared by using water and three different surfactants, namely, SDS, Tween 
80, and NP 10, in four different concentrations of 0.2 % to 0.8 % by weight, sepa-
rately. Density, thermal conductivity, and viscosity values of these prepared mix-
tures were measured experimentally at atmospheric pressure and the temperature of 
298 to 338 K. Then, correlations were derived with respect to the data obtained for 
the studied parameter ranges. According to the result, a quadratic polynomial with 
coefficients was fitted for the density equation and two models for viscosity behav-
ior were derived. Moreover, Thermal conductivity correlations were developed as 
second-order polynomials of temperature and concentration function. The proposed 
correlations showed good agreement with our experimental results.
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1 Introduction

Surfactants are among the versatile products of the chemical industry used in many 
different fields. In recent years, surfactant applications have expanded to high 
technology fields, such as electronic printing, magnetic recording, biotechnology, 
microelectronics, and viral research [1, 2]. Surfactants are generally long organic 
molecules consisting of hydrophilic and lipophilic groups and divided into four 
groups: nonionic surfactants, anionic surfactants, cationic surfactants, and ampho-
teric surfactants according to the charge of their water-loving groups. Surfactants 
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form self-occurring molecules known as micelles in the solution and help reduce 
surface tension between two phases. There has been many studies on the critical 
micelle concentration (CMC), molar volume expansion, and thermodynamic prop-
erties of surfactants [3–6]. The behavior and micellization processes of surfactants 
occupy an important place in colloid chemistry and surface chemistry. One of them 
is to use in the preparation of colloidal suspensions. Colloid mixtures formed by 
particles smaller than 100 nm in fluids are called nanofluids [7]. Nanoparticles must 
remain suspended in the liquid, but they tend to form clusters due to having high 
surface areas and energies. These particle clusters change the properties of fluids, 
like hydrodynamic properties, volume ratio, thermal conductivity, density, and the 
viscosity of fluids [8–10]. Therefore, one of the biggest problems in nanofluids and 
the most important factor that restricts the use of nanofluids is the inability to ensure 
stability. The usage of surfactants is an economic activity to increase the stability 
of nanofluids. When nanoparticles are added to the solution, the polar groups of 
surfactants can form strong hydrogen bonds with the surface of the nanoparticles, 
and the effects of electrostatic repulsion and steric barrier prevent the aggregation 
of nanoparticles [11]. Singh et  al. prepared nanofluid using CNT and SDS with 
the ratio of 1–3 nanoparticles/surfactants and examined the particle distributions 
[12]. Tam et al. provided stability of the nanofluid containing ethylene glycol and 
MWCNT-OH particles by adding Tween 80 surfactant as a dispersant [13]. Peng 
et al. used NP 10 surfactant in different concentrations to examine the effect of sur-
factant on nanofluid prepared with  TiO2 nanoparticle [14]. The added surfactant also 
affects the properties of the base fluid. Hydrogen bonds formation occur between 
water and hydrophilic moieties of surfactants. Therefore, aware of how the proper-
ties of water change depending on different surfactant amounts and temperatures is 
significant in heat transfer calculations. Mingzheng et al. investigated the effects of 
several concentrations, temperatures, and pH values of surfactant solutions of PVP, 
SDS, SDSB, and CTAB on thermal conductivity and viscosity properties. They 
observed that compared to nonionic surfactants, ionic surfactants are more sensitive 
to temperature. The thermal conductivities of the three ionic surfactants gradually 
approach the value of pure water by increasing temperature and ionic surfactants do 
not significantly affect viscosity at low concentrations [11].

As mentioned above, the addition of surfactants is a potential solution to 
ensure stability in studies related to nanofluids. On the other hand, the theoreti-
cal or empirical models proposed for the physical properties of nanofluids, such 
as density, viscosity, and thermal conductivity, are generally given as the base 
fluid property ratio [15–17]. Therefore, to use these model equations, the prop-
erty of the base fluid must be known. Water is widely used as the base fluid in 
preparation of nanofluids. In cases where pure water is used as the base fluid, its 
physical properties can be easily reached in the literature. However, when sur-
factants are used in the preparation of nanofluids, the physical properties of the 
water-surfactants mixture are needed. SDS, Tween 80 and NP10 are also widely 
used surfactants in nanofluids preparation. In literature, studies on the surfactants 
mostly focus on solvent media, the effect of temperature on the critical micelle 
concentration (CMC), number of aggregation, micelle volume, etc. [18–20]. This 
study aims to determine the density, viscosity, and thermal conductivity of the 
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binary mixtures of SDS, Tween 80, and NP 10 with water individually. Meas-
urements are conducted in the range of 0.2 % to 0.8 % by weight surfactant and 
298 to 338 K temperature range. Correlations with a function of temperature and 
concentration are obtained for binary mixtures. Since the surfactant ratios used 
in the preparation of nanofluids are generally low, the maximum concentration 
was limited to 0.8 %. This approach was also applied to the determination of the 
temperature range.

2  Materials and Methods

2.1  Materials

Sodium dodecyl sulfate (SDS), Polyoxyethylene glycol sorbitan monooleate 
(Tween 80), and NP 10 were used as surfactants in the experiment. SDS is an 
anionic surfactant and Tween 80 and NP 10 are nonionic surfactants. The proper-
ties of the chemicals used are given in Table 1. Chemicals are not received any 
further purification but are used as received. Solutions were prepared by taking 
the required surfactant and distilled water and mixing them by a magnetic stirrer 
for 1 h. Schematic diagram of the experimental setup is shown in Fig. 1.

2.2  Density Measurements

Calibrated pycnometer with a volume of 25 ml and 0.001 ml precision and high 
precision electronic balance with the precision of 0.0001  g (Mettler Toledo) 
were used for density measurements. The temperature adjustments of the solu-
tions were achieved by circulated water bath with 0.1 °C. An uncertainty analysis 
was performed using the method described by Holman [21] and the experimental 
uncertainty in density was calculated to be 0.04 %. First of all, the density of pure 
water was determined to check the uncertainty of the measurement results. The 
experimental and literature [22] values of pure water plotted at different tempera-
tures are given in Fig.  2. It was found that the deviation between experimental 
and literature values was in the range 0.04 % to 0.3 %.

Table 1  Used chemicals and their properties

Chemical name CAS number Molecular 
weight/
g·mol−1

Density/g·cm−3 CMC/g·dm−3 Supply

SDS 151-21-3 288.37 1.01 2.74 Merck
NP 10 127087–87-0 682 1.06 5.5 × 10–3 Merck
Tween 80 9005-65-6 1310 1.07 13–15 × 10–3 Sigma-Aldrich
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2.3  Viscosity Measurement

Rheometer (Anton Paar) was used for viscosity measurements. The tempera-
ture was controlled within ± 0.1 °C. The experimental uncertainty in viscosity is 
2.5  %. The viscosities of experimental and literature data [23, 24] for distilled 

Fig. 1  Schematic diagram of the experimental setup

Fig. 2  Effect of temperature on 
the density for distilled water
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water are graphed in Fig.  3. The deviation between results was calculated at 
2.1 %.

2.4  Thermal Conductivity Measurements

The thermal conductivity of the mixtures was measured by the transient hot-wire 
method with a low cost and easy application. This method is commonly preferred 
and can be used for different fluids, such as nanofluids, ionic liquids, and lubricants 
[17, 25, 26]. The transient hot-wire method works according to the principle of 
measuring the temperature/time response of the metallic wire given to the instan-
taneous electrical signal. The wire acts as both heater and thermometer. Firstly, 
the wire is immersed in the liquid to be tested and heated by passing the current. 
The temperature rise of the metallic wire is affected by the thermal conductivity of 
the fluid. If the thermal conductivity of the liquid is high, the temperature rise of 
the wire is low. The duration of the measurements made with this method is about 
1 min [27]. The measurements of the thermal conductivity values were made with 
the Thermtest THW-L2 device. The THW sensor consists of a wire 60 mm in length 
and is completely immersed in the sample to be tested. The device calculates the 
thermal conductivity coefficient of the sample by using Fourier heat conduction 
equation.

The measurement uncertainty given by the manufacturer is stated to be ± 5 % at 
thermal conductivity values in the range, 0.01  W·m−1·K to 2 W·m−1·K. A circulat-
ing water bath was used to set temperature and remain constant during the measure-
ment within ± 0.1 °C. Before measuring the thermal conductivity values of the pre-
pared surfactant-water solutions, that of pure water used in this experimental study 
were measured. In Fig.  4, the thermal conductivity coefficients measured experi-
mentally for pure water are plotted based on temperature. Also, the literature data 

Fig. 3  Effect of temperature on 
the viscosity for pure water



 International Journal of Thermophysics (2021) 42:8

1 3

8 Page 6 of 19

[28, 29] for comparison are shown on the same graph. It was found that the maxi-
mum deviation between these results is about 1.2 %.

3  Results and Discussion

Density, viscosity, and thermal conductivity values of the solutions with 0.2  %, 
0.4  %, 0.6  %, and 0.8  % by weight were measured experimentally for 298  K, 
308 K, 318 K, 328 K, and 338 K. Concentration ranges examined in this study are 
between 0.0069 and 0.0277, 0.0015 and 0.0061, and 0.0029 and 0.0117 for SDS, 
Tween 80, and NP 10, respectively, in terms of molality. CMC are reported in the 
range of 1.8–2.8 × 10–5 M at 295 K for Tween 80 [4], 8 × 10–3 M for SDS [30], and 
7.8 × 10–5  M for NP 10 [31] surfactants at 298  K. The studied concentrations of 
solution for Tween 80 and NP 10 are above CMC. The concentration of the solution 
prepared with 0.2 SDS by weight is below CMC value. On the other hand, the other 
concentrations are above the CMC, and it is also known that temperature affects the 
CMC point [32].

3.1  Density

In Fig.  5, the density values for each surfactant solution at different temperatures 
are plotted against the weight percentage of surfactants. As expected, the density 
decreases with the increasing temperature for all concentrations of water-surfactant 
solutions used in this study. The increase in temperature results in volume expansion. 
It causes a greater gap between surfactant molecules and a less regular structure due 
to the decrease in the interaction force between the molecules of the samples [3, 
33]. As shown in Fig. 5, the change of densities with the weight percentage of all 
three surfactant solutions shows a monolithic increase except for local deviations at 

Fig. 4  Effect of temperature on 
thermal conductivity for pure 
water
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Fig. 5  Effects of surfactant 
weight ratio on density at differ-
ent temperatures. (a) SDS, (b) 
Tween 80, and (c) NP 10
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high temperatures for SDS and NP 10. The reason can be interpreted as the penetra-
tion of molecules into the spaces in the hydrogen-bonded frame of the molecules in 
the water structure and having a positive interaction with the water [34]. In a study 
conducted by Khatun and Islam in 2012, the density values of solutions prepared 
with different concentrations of SDS have been evaluated. They found that while the 
density of the solutions increases with concentration, it decreases as the temperature 
increases. These values are compared with the values obtained in this experimental 
study. Accordingly, the values are close to each other, and the maximum difference 
between them is around 0.2 % [35]. Since the concentrations used in this study are 
low, the slope of the curve is not substantially high. Density data were correlated as 
a second-order polynomial with a function of the amount of surfactant and tempera-
ture as given in Eq. 1. The density gradient of the mixtures is similar to that of pure 
water based on the temperature in the studied temperature range.

where ρ, T, and m indicate the density of solutions, temperature, and molality, 
respectively. Also, a, b, c, and d are constants. The constants and regression param-
eters given in Eq. 1 are presented in Table 2. In Fig. 5, the symbols and the lines 
show the experimental data and the data calculated from Eq.  1, respectively. As 
can be seen, the compatibility between experimental and calculated values, and the 
height of  R2 values given in Table 2 are well.

3.2  Viscosity

The effect of the molality of the surfactant solutions on viscosity values is presented 
graphically in Fig. 6. As can be seen, viscosity decreases with the increasing tem-
perature and slightly increase with the increasing molarity for SDS and Tween 80 
surfactant solutions (Fig. 6a, b). For NP 10 solutions (Fig. 6c), the change of vis-
cosity with molarity is similar, but the change with temperature is different. It has 
been stated that the rheological behavior of surfactant solutions is directly related to 
microstructures, such as micelle or liquid crystal structures [36]. Mingzheng et al. 
reported that viscosity values for some surfactant solutions prepared at low concen-
trations do not change regularly with concentration [11]. They also demonstrated that 

(1)�(m,T)∕g ∙ cm−3 = a + b × m + c × T∕K + d × T2∕K

Table 2  Constants and regression parameters in Eq. 1

a Standard error of estimate

a b c d EEEa R2 Condition

SDS 0.8752 0.0282 1.00 × 10–3 − 2.1228 × 10–6 4.0 × 10–4 0.9940 298–338 K. 
0.0069 ≤ m ≤ 0.0277

Tween 80 0.9266 0.1498 7.065 × 10–4 − 1.6093 × 10–6 3.0 × 10–4 0.9960 298–338 K. 
0.0015 ≤ m ≤ 0.0061

NP 10 0.8342 0.0645 1.30 × 10–3 − 2.5509 × 10–6 4.0 × 10–4 0.9951 298–338 K. 
0.0029 ≤ m ≤ 0.0117
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Fig. 6  Effects of surfactant 
molality on viscosity at different 
temperatures, experimentally. 
(a) SDS, (b) Tween 80, and (c) 
NP 10
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viscosity decreases with the increasing temperature, but different types of surfactant 
solutions have different characteristics, and viscosity variation should be caused 
by micelle form. The viscosities of the Tween 80 surfactant solution prepared with 
different concentrations at temperature 293 to 318 K were investigated by Szymc-
zyk and Taraba [33]. They reported viscosity values about 0.89 and 0.72 mPa s for 
 10–3 M at 298 K and 308 K. In this study, the viscosity values obtained at 298 K and 
308  K for 1.5 × 10–3  M solutions are 0.9153 and 0.6936  mPa  s, respectively. The 
experimental and reported values were found to be so close to each other.

Different correlations have been proposed for fluids to change the viscosity with 
temperature [37-39]. A two parameters model, as given in Eq. 2, known as Arrhe-
nius behavior, is widely applied:

where µ and T indicate dynamic viscosity of solutions in mPa s and temperature 
in K, respectively; A and B are constants. The logarithm of dynamic viscosity is 
plotted against the reciprocal temperature in Fig. 7 at different molarity values for 
three surfactant solutions. The good linear fit is shown in Fig. 7a, b for SDS and 
Tween 80 solutions, and it indicates that the viscosities of the SDS and Tween 80 
solutions exhibit an Arrhenius behavior as given in Eq. 2. On the other hand, the 
representative curves of ln µ versus 1/T for NP 10 solutions, except lowest molarity, 
0.0029, are not linear, as shown in Fig. 7c. This behavior can be explained in detail 
later.

The experimental dynamic viscosity data for SDS and Tween 80 solutions were 
fitted to Eq. 2 with the help of commercial software, and the regression coefficients 
are obtained. Statistical results are collectively given in Table 3 for different molal-
ity values. The regression was similarly applied to pure water data for comparison, 
and the results are also given in Table 3. As can be seen from Table 3, the regression 
coefficients are quite high. In this study, to obtain a general correlation for the stud-
ied temperature and molality ranges, Eq. 3 is derived by adding the molality term 
to Eq. 2. Regression results are given in Table 3. A comparison of the experimental 
viscosity data for SDS and Tween 80 solutions with the viscosity values calculated 
from Eq. 3 is shown in Fig. 8. It is seen from Fig. 8 that the calculated values lie quite 
close to those of experimental. It must be noted that the obtained equation is valid 
for the temperature range of 298–338 K and molality range of 0.0069 ≤ m ≤ 0.0277 
for SDS solutions and 0.0015 ≤ m ≤ 0.0061 for Tween 80 solutions.

As seen in Fig. 7c, viscosity values for the lowest molarity (m = 0.0029) among 
NP 10 solutions in this study decrease with the increasing temperature and fit 
the model, including two coefficients given in Eq.  2. The constants and statisti-
cal data obtained at the end of the regression according to Eq. 2 for this molarity 
are presented in Table  3. When the temperature increases, viscosity values at the 
other concentrations decrease similarly, but after nearly a temperature of 318  K, 

(2)ln�(m,T)∕mPa ∙ s = A +
B

T∕K

(3)ln�(m,T)∕mPa ∙ s = A +
B

T∕K
+ C × m
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Fig. 7  The change of logarithm 
of dynamic viscosity as a func-
tion of temperature at different 
molarity values. The symbols 
show experimental data, while 
the lines are the fitted curve 
from Eq. 2. (a) SDS, (b) Tween 
80, and (c) NP 10
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viscosity changes with temperature become different and begin to increase. It has 
been thought that this behavior exhibits due to occurring of the dehydration with 
temperature. The effect of temperature on the viscosity of the surfactant solution is 
related to the surfactant type. The interactions of nonionic surfactants with water 
molecules are in the form of hydrogen bonds with the surfactant’s hydrophilic part. 
These interactions can be weakened with an increase in temperature because dehy-
dration and solution appear turbid with micelle aggregation effects. The temperature 
at which the fact occurred is known as cloud point temperature [40]. Phase separa-
tion is observed above this temperature. Therefore, the behavior may be the reason 
for the increase in viscosity at temperatures close to the cloud point temperature. 
Similar behavior was reported for pentaethylene glycol monododecyl ether and hex-
aethylene glycol monododecyl ether surfactants [40]. Cloud point temperature of 
1 % NP 10 surfactant solution is 63 °C which is given from the supplier.

Viscosities of NP 10 solutions with the molality values of 0.0059, 0.0088, and 
0.0117 fit the model, given in Eq. 4, and variables and the statistical results are pre-
sented in Table 3. It does not seem appropriate to obtain a general equation covering 
the studied temperature and molarity ranges for the NP 10 because, as mentioned 
above, the change of viscosity values with molarity for NP 10 solutions is not mon-
olithic. Therefore, further studies with more substantial temperature and molarity 
ranges are required for NP 10 solutions.

where µ and T indicate dynamic viscosity of solutions and temperature, 
respectively.

(4)ln�(m,T)∕mPa ∙ s = A + B × T∕K + C × T2∕K,

Table 3  Constants and regression parameters in Eqs. 2–4

a Standard error of estimate

Equation used Solution Molality A B C R2 SEEa

2 Water – − 6.2979 1842.6771 – 0.9962 0.0207
2 SDS 0.0069 − 7.1059 2091.3924 – 0.9982 0.0159
2 SDS 0.0139 − 6.9812 2060.3243 – 0.9961 0.0232
2 SDS 0.0208 − 6.6156 1945.4273 – 0.9975 0.0176
2 SDS 0.0277 − 6.6254 1957.9231 – 0.9992 0.0103
2 Tween 80 0.0015 − 6.6928 1964.6649 – 0.9999 0.0022
2 Tween 80 0.0031 − 6.4983 1900.8611 – 0.9963 0.0210
2 Tween 80 0.0046 − 6.4441 1900.6185 – 0.9990 0.0111
2 Tween 80 0.0061 − 6.3396 1863.1375 – 0.9993 0.0092
2 NP 10 0.0029 − 6.3402 1860.2457 – 0.9959 0.0215
3 SDS – − 6.8779 2.6463 2013.7667 0.9964 0.0185
3 Tween 80 – − 6.5321 10.0490 1907.3192 0.9955 0.0197
4 NP 10 0.0059 37.0917 − 0.2215 0.0003 0.9971 0.0186
4 NP 10 0.0088 32.9606 − 0.1950 0.0003 0.9994 0.0083
4 NP 10 0.0117 37.9450 − 0.2289 0.0003 0.9980 0.0135
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While the maximum changes in viscosities of the SDS and Tween 80 surfactant 
solutions are 9.66 % and 7.77 %, respectively, for the studied concentration and tem-
perature range, the value for NP 10 is up to 21 % at high concentrations and tem-
peratures as seen from Figs. 6 and 7.

3.3  Thermal Conductivity

Figure 9 shows the variation of thermal conductivity with molality at various tem-
peratures for SDS solutions. With the increasing temperature, the thermal con-
ductivity increases for all surfactant solutions, similar to that of water in the stud-
ied temperature range. However, the change with the amount of surfactant varied 
according to the type of surfactant. In Fig. 9b, the thermal conductivity ratio of SDS 
solutions to distilled water versus concentration of surfactant at different tempera-
tures is plotted, where k and  ko represent the thermal conductivity of solutions and 
water, respectively. It is seen from Fig. 9b that thermal conductivity ratios change in 

Fig. 8  Experimental viscosity 
data and the viscosity values 
calculated from Eq. 3. (a) SDS, 
(b) Tween 80
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the range of 0.983–1.015 depending on the concentration of the solutions and tem-
perature, and decreased slightly with molarity and then increased. Nonmonolithic 
behavior is much more apparent at high temperatures. Mingzheng et al. [11] investi-
gated the effects of surfactant concentration on the thermal conductivity ratio of the 
surfactant solutions at room temperature. They reported that the thermal conductiv-
ity ratio begins to increase with the increase of SDS concentration at the beginning, 
starts to decrease after surfactant concentrations of 0.03 wt%, slows down at 0.3 %, 
and keeps stable at 0.8 %. These results match our results at low temperatures. How-
ever, in their study, when the concentration of solution varies from 0.2 % to 0.8 %, 
the thermal conductivity ratio is around 0.95, while in our study, the change in ther-
mal conductivity ratios is in the range of 1.02–0.98 at the same concentration.

Thermal conductivity and thermal conductivity ratio to concentration for 
Tween 80 and NP 10 surfactant solutions are presented in Figs. 10 and 11, respec-
tively. When graphs are analyzed, it is seen that the change of thermal conductiv-
ity with the concentration of the solutions is different from SDS. Thermal con-
ductivity coefficients decrease with molarity and increase with temperature for 
both Tween 80 and NP 10 solutions. The thermal conductivities of the solutions 

Fig. 9  Effects of surfactant 
molality on (a) thermal conduc-
tivity and (b) thermal conductiv-
ity ratio at different tempera-
tures for SDS
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start from a higher value than that of pure water. The thermal conductivity ratio 
begins at approximately 1. When the concentration is changed from 0.2 % (w/w) 
to 0.8  %, it decreases to around 0.98 from 0.6  %. Although there is no signifi-
cant amount of decrease in thermal conductivity below 0.4 % concentration for 
both nonionic surfactants, it is clearly seen that there is a decrease with a concave 
behavior after this value. Tween 80 and NP 10 solutions exhibit a more mono-
lithic behavior than SDS. Therefore, this situation should be taken into account in 
the preparation of nanofluid.

The thermal conductivity correlation of the solutions is obtained as a function 
of temperature and molality as given in Eq. 5:

where a, b, c, d, e, and f are constants. Table  4 contains constants and sta-
tistical data for surfactant solutions in the equation. The symbols and the lines 
show the experimental data and the data calculated from Eq. 5, respectively, in 

(5)
k(m,T)∕W ∙ m−1 ∙ K−1 = a + b × T + c × m + d × T∕K + e × m2 + f × T2∕K

Fig. 10  Effects of surfactant 
molality on (a) thermal conduc-
tivity and (b) thermal conductiv-
ity ratio at different tempera-
tures for Tween 80
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Figs.  9, 10, 11. Figure  12 shows the experimental thermal conductivity values 
with the values derived from Eq. 5. As can be seen from Fig. 12, the compatibil-
ity between experimental and calculated values are satisfactory.

For the concentration and temperature range examined, it is observed that the 
surfactant solutions of SDS, Tween 80, and NP 10 have a maximum change in 
thermal conductivity coefficient according to water with the values of 1.86  %, 
2.07 %, and 2.93 %, respectively. The variance in thermal conductivity coefficient 

Fig. 11  Effects of surfactant 
molality on (a) thermal conduc-
tivity and (b) thermal conductiv-
ity ratio at different tempera-
tures for NP 10

Table 4  Constants and regression parameters in Eq. 5

a Standard error of estimate

Solution Equation a b c d e f × 106 EEEa R2

Water 5  − 0.0037 0.0027 – – – − 2.1413 0.0016 0.9969
SDS 5 − 0.1032 0.0033 3.0476 − 0.0146 50.0079 − 2.9991 0.0044 0.9497
Tween 80 5 − 0.2641 0.0046 − 2.5706 0.0124 − 530.4969 − 5.7112 0.0027 0.9799
NP 10 5 0.5440 − 0.0008 9.1285 − 0.0240 − 165.0458 3.3725 0.0031 0.9768
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Fig. 12  Experimental thermal 
conductivity values and 
predicted values derived from 
Eq. 5. (a) SDS, (b) Tween 80, 
and (c) NP 10
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with respect to the concentration is similar for Tween 80 and NP 10 solutions but 
different for SDS solutions. This fact is due to the different types of surfactants.

Although there are many studies on nanofluids prepared using surfactants in 
different concentrations, studies comparing the base fluid containing the sur-
factant and nanofluids are limited. However, the relative thermal conductiv-
ity change of nanofluid with SDBS surfactant concentration has been stated to 
be very similar to that of the water with SDBS in a study [41]. Therefore, this 
study also can be preliminary work for predicting and optimizing of nanofluid 
properties.

4  Conclusion

Surfactants are widely used to increase the stability of nanofluids. In this study, 
the effect of surfactant concentration and temperature on density, viscosity, and 
thermal conductivity of aqueous surfactant solutions was investigated experimen-
tally. Surfactant concentration was changed in the range of 0.2  % to 0.8  % by 
weight and temperature in the 298–338 °C range. Regression analysis was applied 
for the studied parameter ranges, and correlations were obtained. The significant 
findings obtained from the experimental results can be summarized as follows: 
The equation obtained for the density was correlated as a quadratic polynomial. 
Thermal conductivity was found as second-order polynomials of temperature and 
concentration. The change of viscosity of mixtures for SDS and Tween 80 was 
conformed with Arrhenius behavior, while different behaviors were observed for 
NP 10 solutions with concentrations higher than 0.2 %. It was observed that the 
viscosities of surfactant solutions decrease with the increasing temperature, but 
an increase in viscosity was observed after 318  K for the concentration of NP 
10 higher than 0.2 %. The correlations proposed for density, thermal conductiv-
ity, and viscosity showed good agreement with our experimental results. Hence, 
these model correlations can be used for the prediction of density, thermal con-
ductivity, and viscosity of SDS, Tween 80, and NP 10/water solutions when their 
weight concentrations are in the range of 0.2 % to 0.8 % and temperatures in the 
range of 298 to 338 K.
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