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Abstract: Nanofluids have great potential for solar energy harvesting due to their suitable optical and thermophysical properties. One of the promising applications of nanofluids is utilization in solar collectors with the direct absorption of light (DASC). The design of a DASC requires detailed knowledge of the optical properties of nanofluids, which can be significantly affected by the particle size distribution. The paper presents the method to take into account the particle size distribution when calculating nanofluid extinction spectra. To validate the proposed model, the particle size distribution and spectral absorbance were measured for aqueous suspension with multi-walled graphite nanotubes; the minimum size of primary nanoparticles was 49 nm. The proposed model is compared with experiments demonstrating the concentration averaged and maximum discrepancies of 6.6% and 32.2% against 12.6% and 77.7% for a model assuming a monosized suspension.
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	Nomenclature


	ABS
	Spectral absorbance



	ai, bi
	Coefficients of scattered electromagnetic field



	Cext
	Extinction cross-section, m2



	dp
	Diameter of particle or particle agglomerate, m



	F
	Volume fraction of particles having the size of dp,i to the total volume of particles



	fv
	Particle volume fraction



	l
	Thickness of the suspension sample



	m
	Complex refractive index of the particles relative to the base fluid



	n
	Real part of the complex refractive index of the base fluid



	Greek symbols




	α
	Size parameter of particle



	λ
	Wavelength, m



	Π
	Number of particles per unit volume of the base fluid, m−3



	σ
	Extinction coefficient, m−1



	χ
	Wave number, m−1



	Subscripts




	p
	Particle



	bf
	Base fluid



	nf
	Nanofluid; fine-dispersed suspension



	Abbreviations




	DASC
	Direct Absorption Solar Collector



	MWCNT
	Multi-walled Carbon Nanotubes



	PSD
	Particle Size Distribution




1  Introduction

The last few decades have been characterized by an ever-growing interest of the world community in renewable energy, particularly solar energy, as one of the most promising renewable energy sources [1]. Currently, solar energy is used to generate electricity and heat, both on an industrial scale and within individual households [2–4].

Several devices have been developed to convert solar radiation energy into thermal energy—the so-called solar collectors. They differ structurally, but the general principle of operation is to transfer thermal energy from a blackened receiver, heated by solar radiation, to the coolant. The blackened surfaces of the volumes inside which the coolant flows or the outer surfaces of the tubes through which the coolant flows can be used as a receiver. The disadvantage of such systems is an overheated outer surface, which loses a significant part of the received energy into the environment. New designs of such devices and different ways to enhance the efficiency of existing technical solutions are proposed [5–8]. One such solution uses a nanofluid (a stable suspension consisting of a base fluid and nano-sized solid particles dispersed in it) or fine-dispersed suspensions. The nanofluids show improved heat transfer [9–17] and optical properties [18–21] than traditional single-phase heat transfer fluids and demonstrate high potential for solar energy applications [20,21]. Moreover, the nanofluids and nanoparticle suspensions have found multiple applications in microelectronics [16,17,22–24], nuclear power generation [25], medicine [26,27], chemical technology [28], etc.

The use of nanofluids allows one to change the absorption mechanism of solar energy, namely, to carry out solar energy absorption in the coolant itself, flowing in a transparent volume or channels. As a result, the temperature of the outer surface of the receiver significantly decreases, and, accordingly, the heat losses to the environment reduce.

The ability of a nanofluid to absorb solar energy directly depends on the concentration of particles and their properties—shape, size, and distribution [29–33]. Studies have shown that one can choose the optimal concentration of particles that provide the best absorption of radiant energy [34–36]. However, its value in each specific case may be different and depend on the optical properties of the manufactured nanofluid, which, in turn, depend on its composition and particle characteristics [37,38].

The absorbance of light energy by nanofluid can be determined experimentally. However, the development of a model that allows one to determine the optical properties of nanofluids based on their composition and taking into account the particle size distribution would make it possible to reduce the number of routine experiments and the need for the availability and use of expensive equipment. Such a model can also find application in the calculation of a designed solar collector with nanofluid. Of particular interest is the prediction of changes in the performances of the solar collector with time during the deposition of particles, changes in the fraction of particles, and their size distribution.

Several papers [39–42] propose the method or model to calculate the optical properties of nanofluids based on Rayleigh or Mie scattering theories. For example, Sharaf et al. [39] proposed the optical model based on Rayleigh scattering theory coupled with hybrid Eulerian-Lagrangian treatment for simulating heat and mass transfer in the nanofluid. Their results showed that particle spatial distribution could significantly affect the absorption properties of nanofluid and the efficiency of the nanofluid-based solar collector. In [39,42], the model for calculating the extinction coefficient of nanofluids was used to determine the volumetric heat generation, which was then imported in CFD simulation of the heating and evaporation of nanofluids. Both studies pointed out the efficiency of heating and evaporation of nanofluids are significantly affected by the average size of particles (or particle agglomerates) and particle fraction. However, in these works, the optical properties of nanofluids were determined using the effective average particle size, i.e., under the assumption of monodispersity of the studied nanofluid, although this assumption cannot always be ensured in practice, especially during the long-term operation of the nanofluid.

Song et al. [43] studied the absorption spectra of the water-based nanofluid with TiO2 nanoparticles taking into account particle size distribution obtained by the population balance model. Comparing the results of modeling with the experimental data, they have shown that considering PSD can play a significant role when calculating the extinction spectra of the nanofluid. Thus, according to Song et al. [43], the discrepancies between the conventional monodisperse model and experimental data are more than 90% discrepancies. Furthermore, considering PSD improves the accuracy of calculating the absorption coefficient significantly. Moreover, Song et al. [43] note that the influence of particle size distribution on the absorption spectra of the nanofluid grows with increasing particle fraction. Thus, the results by Song et al. [43] confirm the necessity of considering PSD when calculating the spectral optical properties of the nanofluid. However, the optical model by Song et al. [43] is based on Rayleigh scattering theory and Fraunhofer diffraction theory, which are not applicable when the particle diameter is comparable in size with the wavelength of the incident radiation. Moreover, the nanofluid composition studied by Song et al. [43] is hardly applicable to solar collectors due to instability in the absence of surfactants.

The present paper aims to develop a method to consider particle size distribution (PSD) when calculating the optical properties (extinction coefficient, spectral absorbance) of the suspensions. The proposed model is validated against the experimental data and conventional model for monodispersed suspension.

2  Materials and Methods

2.1 Model Description

The model to determine extinction spectra of the fine-dispersed suspension, taking into account particle distribution, consists of two main parts. First, using the conventional approach based on Mie scattering theory, we determine the extinction spectra of the nanofluid of known composition as a function of particle diameter. The optical properties required for calculations, namely real and imaginary parts of the complex refractive index, can be found elsewhere [44,45]. Second, the derived expression for extinction spectra is averaged over volumetric particle size distribution, obtained via experimental measurement.

According to Mie scattering theory, the extinction cross-section of an individual spherical particle appears as [46]:


Cext=2π|χ|2∑i=1∞(2i+1)Re[ai+bi],
(1)

where χ = 2πn/λ is a wave number; λ is a wavelength; n is a real part of the complex refractive index of the base fluid. In Eq. (1), ai and bi are the coefficients of the scattered electromagnetic field, which reads as:


ai=mψi(mα)ψi′(α)−ψi(α)ψi′(mα)mψi(mα)ζi′(α)−ζi(α)ψi′(mα);
(2)


bi=ψi(mα)ψi′(α)−mψi(α)ψi′(mα)ψi(mα)ζi′(α)−mζi(α)ψi′(mα),
(3)

where m is a complex refractive index of the particles relative to the base fluid; α = πnDp/λ is the size parameter of particle; ψi(z) and ζi(z) are Riccati-Bessel functions of i-th order. Ricatti-Bessel functions can be expressed through the Bessel functions of the first (Jν) and second (Yν) kind: 
ψi(z)=πz/2Ji+1/2(z)
and 
ζi(z)=πz/2(Ji+1/2(z)+Yi+1/2(z)).

The infinite series in Eq. (1) cannot be calculated numerically. However, a maximum index nmax, which defines the upper summation limit, can be used to overcome this limitation. Hota et al. [41] proposed the following expression to estimate the maximum index:


nmax=[2+α+4α1/3],
(4)

where square brackets denote to integer part.

Once the extinction cross-section of an individual particle is computed, the extinction coefficient of particles dispersed in the base fluid can be determined following Bohren et al. [46] as:


σp=ΠCext,
(5)

where Π is the number of particles per unit volume of the base fluid.

Assuming the particles are spherical and distributed in the base fluid uniformly, Π can be expressed through the volume fraction of particles fv: Π = 6fv/(πDp3).

Eq. (5) does not consider the absorption into the base fluid, although the base fluid can absorb radiation strongly enough within some wavelength ranges. The absorption in the base fluid can be accounted for according to Taylor et al. [40] by summing the extinction coefficients of particles σp (Eq. (5)) and base fluid σbf:


σnf=σp+(1−fv)σbf.
(6)

The extinction coefficient of the base fluid can be calculated according to Bohren et al. [46] as σbf = 4πk/λ, where k is the imaginary part of the complex refractive index of the base fluid. In the current study, we use the water-based suspension with dispersed graphite nanotubes to validate the proposed model. The complex refractive indexes of water and graphite are found in works [44,45]. However, this study utilizes the complex mixture of water, ethanol, sodium dodecyl sulfate, and defoaming agent as a base fluid. Therefore, the extinction spectrum of the base fluid is determined experimentally to avoid inaccuracies when calculating extinction in a mixture of the complex composition according to reference data (Subsection 2.2).

Eq. (6) is commonly used to estimate the extinction spectra of the nanofluid. However, it does not contain any corrections that consider the particle size distribution in the nanofluid. Thus, this expression applies only to a monodisperse suspension (hereinafter, for simplicity, we refer to Eq. (6) as a “monodisperse model”).

In order to account for the particle size distribution, we propose to average the extinction coefficient over the volume fraction of particles having the size of dp,i to the total volume of particles in the suspension. Thus, the average extinction coefficient can be expressed as follows:


σnf¯=∑i=1Nσnf(dp,i)Fi,
(7)

where Fi is the volume fraction of particles having the size of dp,i to the total volume of particles in the suspension, which satisfies the relation 
∑i=1NFi=1
, and N is the number of particle sizes.

According to the definition of Fi, it can be expressed as Fi = Vp,i/Vp, where Vp,I is the volume of particles having the size of dp,I, and Vp is the total volume of particles in the suspension. Thus, the product of Fi and particle volume fraction fv is the volume fraction of particles having the size of dp,I in the suspension. Therefore, the method proposed for considering particle distribution (Eq. (7)) is equivalent to that used for calculating the extinction spectra of hybrid nanofluids, composed of few types of nanoparticles [46,47]. However, in this study, the optical properties of the particles remain unchanged while the particle size varies.

Here, we should note that Eq. (7) assumes the particle size distribution discrete, although the PSD is generally a continuous function. However, the PSD obtained experimentally in this study is discrete. Therefore, to exclude possible errors associated with the interpolation of experimental data, the calculation of the suspension extinction coefficient was carried out for a discrete PSD, which was obtained directly from the experiment (Subsection 2.2).

Substituting Eqs. (1), (4), (5), and (6) into (7) and considering the relation between the extinction coefficient and spectral absorbance, the final expression for the spectral absorbance is derived:


ABSbf¯=lσbf¯,
(8)

where l is the thickness of the suspension sample in the direction of radiation propagation.

However, in the case of a monodisperse model, the calculations should be carried out at a constant particle size determined by averaging over the volumetric particle size distribution:


Dp¯=∑i=1Ndp,iFi.
(9)

The experimental measurements of particle size distribution and spectral absorbance of suspensions are described in Subsection 2.2, “Experiments”.

2.2 Experiments

In this study, the multi-walled carbon nanotubes DEALTOM [48], manufactured by Research and Production Enterprise “Nanotechnology Center” (Moscow, Russia), were used for suspension preparation. The initial nanopowder consists of nanotubes mainly of two diameters: 49.3 ± 0.45 nm and 72.0 ± 0.45 nm. According to [48], the maximum length of the nanotubes is ~5 μm. The base fluid was prepared using distilled water with supplementary chemicals: 10% of ethanol, 0.1% of sodium dodecyl sulfate (SDS), and 0.2% of defoaming agent, produced by Karcher [49]. The chemicals were added to mimic a composition potentially used in a direct absorption solar collector tailored to perform in continental climate conditions. To obtain the reference data for the proposed optical model, the absorbance of the base fluid ABSbf was measured using Varian Cary 100 UV-visible spectrophotometer [50] in the wavelength range from 200 to 900 nm with an increment of 1 nm. Basing on this data, the extinction coefficient of the base fluid was calculated as σnf = ABSbf/l, where l is the thickness of the sample in the direction of radiation propagation.

The suspensions were prepared by a two-stage method [39,40,42]. First, the mass of the dry powder was measured using the SF-400D Electronic Compact Scale (±10 mg). Next, the components of the suspension sample were mixed in a sealed container. Then the container was placed in an ultrasonic bath (Sapphire, 100 W, 35 kHz [51]), and its contents were dispersed for half an hour. The initial particle mass fractions of the prepared suspension samples were 0.008 and 0.02 wt%. Further analysis of the suspension samples showed that after 6–8 h of maturing, the mass fraction of particles in the suspension decreased approximately twice due to the sedimentation of particle agglomerates. The mass fraction decrease was estimated by measuring the mass of particle sediment using the mentioned scale (SF-400D Electronic Compact Scale). The error of determining the final particle concentration did not exceed ±15%.

A day after preparation, the size distribution of particles (particle agglomerates) in the nanofluids was measured by dynamic light scattering using the Malvern Zetasizer Nano analyzer [52]. For each sample, the granulometric analysis was carried out 2 times. We took every measurement no longer than 10 min after another. The measured size distributions are presented in Fig. 1.
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Figure 1: Particle size distributions for initial mass fractions of particles 0.008 wt% (A) and 0.02 wt% (B)

Reading Fig. 1, we should make the following comments. First, the distributions change within the studied samples, which potentially indicates the instability of the granulometric composition of nanofluids at the time of measurements. Second, as shown in Fig. 1, the PSDs exhibit a mode at 300–450 nm corresponding to the average size of the nanotube agglomerates. PSDs 1 and 2 in Fig. 1A and PSD 1 in Fig. 2B reveal modes at ~5 μm. This can be explained by the presence of air bubbles and airborne contaminants, the characteristic size of which is approximately 5 μm [53]. The magnitude of air-induced modes is greater than or equal to those corresponding to the nanotube agglomerates, explained by the low particle fractions. Thus, the air-induced mode of PSD 1 for particle fraction of 0.008 wt% is higher than the agglomerate-induced mode, while the same modes for particle fraction of 0.02 wt% are approximately equal. Subsequent measurements (PSD 2 at 0.02 wt%) demonstrated a decrease in the volume fraction of air bubbles.

The PSD 1 at 0.008 wt% is three-modal, and the first mode at ~35 nm, apparently, corresponds to the minimum diameter of the primary nanotubes (~49 nm) within the instrumental uncertainty. On the other hand, the following PSD 2 in Fig. 1A does not exhibit the same mode due to the agglomeration of nanoparticles. Moreover, the volume-averaged size of nanotube agglomerates for PSD 2 is 460 nm against 350 nm for PSD 1.

As follows from the analysis of Fig. 1, increasing the particle mass fraction from 0.008 wt% to 0.02 wt% does not sufficiently affect the agglomeration process. The volume-averaged sizes of particle agglomerates are 460 and 310 nm for particle fractions of 0.008 wt% and 0.02 wt%, respectively.

A similar granulometric analysis was carried out for the base fluid. The corresponding particle size distribution is presented in Fig. 2.
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Figure 2: Result of granulometric analysis of the base fluid

As shown in Fig. 2, the distribution of the base fluid has a maximum. This maximum can be attributed to the formation of micelles due to the relatively high concentration of SDS (0.1 wt%) in the base fluid mixture [54].

The spectral absorbance of the suspension samples was measured using the same spectrophotometer (Varian Cary 100 UV-visible spectrophotometer). The measurements were carried out within the wavelength range from 200 nm to 900 nm with an increment of 1 nm. The thickness of the studied samples in the cuvette was l = 1 cm for all considered cases. Here, we note that all light intensity measurements were normalized by the corresponding reference intensity measurement conducted for the same empty pure cuvette. Therefore, the light reflection on the cuvette surface was accounted for by the normalization.

3  Results and Discussion

The proposed model was compared against the experimental results obtained by spectrophotometer for two initial nanoparticle mass fractions: 0.008% and 0.02%. As mentioned in Subsection 2.2 “Experiments”, the nanoparticle mass fraction in suspension reduced approximately twice after one day of maturing. Therefore, the calculations were performed at particle mass fractions of 0.004% and 0.01%. The comparison of calculations with experimental data is shown in Fig. 3.

The gray area in Fig. 3 depicts the uncertainty interval in calculating the extinction coefficient by Eq. (8) with a change in the mass concentration of particles by ±15%. The character of the experimental curve in Fig. 3B is due to the measurement limit of the spectrophotometer used. The spectrophotometer does not register radiation passed through the sample if its intensity decreases e10 times relative to the initial one. Thus, if the absorbance of the sample is greater than 10, then the spectrophotometer indicates the maximum allowable absorbance value within the measurement range, which is equal to 10.

The calculations by the conventional monodisperse model (green dotted line, Eq. (6)) were carried out at the volume-averaged diameter of particle agglomerates, which is determined following Eq. (9).

Considering Fig. 3, we note that account of PSD (red dashed curve) increases the accuracy of calculating the suspension extinction coefficient compared to the monodisperse model (Eq. (6)) (green dotted curve) by almost 2 times. The wavelength-averaged discrepancy relative to the experiment is 6.6% and 12.6% for polydisperse and monodisperse models, respectively, at a particle fraction of 0.004 wt%. At a particle mass fraction of 0.01%, the wavelength-averaged discrepancy for the polydisperse model is 32.2% against 77.7% for the monodisperse model. Moreover, introducing the particle size distribution into the calculation makes it possible to obtain qualitatively more correct results, which are reflected in the curves in Fig. 3. Thus, in Fig. 3, the spectral absorbance, calculated by Eq. (6), is approximately constant within the wavelength range from 600 to 900 nm. In contrast, the experiments and Eq. (7) demonstrate decreasing within the same wavelength range.
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Figure 3: Spectral absorbance as a function of wavelength. Comparison of experimental data (black solid curve) with results of calculations according to Eq. (6) (green dash-dotted curve) and (7) (red dashed curve) for nanoparticle mass fraction of 0.004% (A) and 0.01% (B). The absorbance of the base fluid (blue dotted line) is plotted for reference

Furthermore, reading Fig. 3, we note that the addition of 0.004 wt% of MWCNT increases the absorbance by at least 87% compared to the base fluid. The minimum increase in absorbance for the suspension with 0.01 wt% of MWCNT is 410% in contrast with the base fluid. The wavelength-averaged increases in absorbance are 357% and 1740% for MWCNT fractions of 0.004 wt% and 0.01 wt%, respectively. Gimeno-Furio et al. [55] obtained similar results when studying the optical properties of water-based suspensions with single-wall carbon nanohorns. The authors reported a 665% increase in suspension absorbance within the wavelength range from 400 to 800 nm at a particle fraction of 0.002% compared to the base fluid. This increase differs from that obtained in the current study by about 200%, which can be explained by the average size of particles in the suspension sample. According to measurements in [55], the average particle size was about 100–200 nm, while, in this study, particles agglomerated up to 8 µm.

Lee et al. [56,57] also obtained similar absorbance results (extinction coefficient) for MWCNT suspensions. They experimentally investigated the extinction coefficient of water-based suspension with MWCNT and found that it varies from 4 to 12 cm−1 for mass fractions from about 0.004 vol% to 0.01 vol%, which is in excellent agreement with the present results. On the contrary, the extinction coefficient of water-based suspension with MWCNTs reported by Chen et al. [58] overestimates that for the present study by about 1.5 times. Primarily, this discrepancy should be attributed to the difference in MWCNT diameter, which was about 20 nm in [58]. Also, we should note that Chen et al. [58] used polyvinyl pyrrolidone as a surfactant, while in this study, we used sodium dodecyl sulfate. As shown in contributions [29,31], the surfactant influences the optical properties of suspensions sufficiently, and in some cases, for example, at low particle fractions, this influence can be crucial.

Further, reading Fig. 3, we note that the monodisperse model underestimates the absorbance compared to the experimental data and the polydisperse model. This is due to averaging the particle size and corresponding excluding the small particles from the calculation, which better absorbs short-wave radiation. So, the average sizes of MWCNT agglomerates at mass fractions of 0.004% and 0.01% were 720 and 290 nm, respectively. Thus, the monodisperse model does not consider radiation absorption by particles of other sizes and, therefore, underestimates the absorption. The polydisperse model is free from this drawback and allows us to consider the effect of particles of all sizes on the absorption in a suspension. For a better overview of this phenomenon, we evaluate the fraction of extinction by particle agglomerates of certain sizes to the total extinction coefficient of the suspension, excluding the effect of the base fluid. This fraction η reads as:


η=∑iσp(dp,i)Fiσnf¯−(1−fv)σbf.
(10)

Fig. 4 shows the fraction η as a function of wavelength.
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Figure 4: The fraction of extinction by particle agglomerates of certain sizes to the total extinction coefficient as a function of wavelength for particle fractions of 0.004 wt% (A) and 0.01 wt% (B)

As shown in Fig. 4A, the particle having a size below 200 nm contribute about 50–70% to the total absorbance of the suspension depending on wavelength. A slightly smaller contribution is made by agglomerates with sizes from 20 to 700 nm (30–43%). Therefore, the monodisperse model, which uses the volume-averaged diameter (720 nm), underestimates the experimental absorbance. However, this effect is depressed at high wavelengths above 600 nm, and the monodisperse model demonstrates better accuracy within this wavelength range. The influence of large MWCNT agglomerates (with diameters above 700 nm) on the absorbance is quite low for the whole considered wavelength range and does not exceed 8%. However, this is due to the low volume fraction of these agglomerates (Fig. 1A, curve “2”).

Similar conclusions can be drawn by considering Fig. 4B. Here we again note the suppressing contribution of small particle agglomerates (with diameters below 400 nm) to the total absorption in the suspension, which reaches about 92%. However, the influence of agglomerates with medium sizes within the range from 400 nm to 1 μm is more considerable than Fig. 4A due to the relatively high volume fraction of such particles. On the other hand, the large particle agglomerates with sizes above 1 μm do not contribute to the absorbance since their volume fraction is meager (Fig. 1B, curve “2”).

Summarizing the discussion on results in Fig. 4, we note that the largest contribution to the total extinction in the suspension is made by small particles with a size comparable to the wavelength of the incident radiation, which is in agreement with observations by Jing et al. [59].

The observed discrepancies of the model, which considers the particle size distribution (Eq. (8)), relative to experiments can be explained by several reasons. First, one of the model’s key assumptions is that the particles are uniformly distributed in the base fluid, regardless of size. However, particles of different sizes are distributed in the base fluid non-uniformly due to gravity. Moreover, Azam et al. [12,16,17,28] showed that particle spatial distribution depends on temperature distribution through the thermophoresis and Brownian forces, heat source/sink rate, particle material, and chemical reactions. Therefore, the high-precise analysis of the optical properties of nanoparticle suspensions should be accompanied by modeling the heat and mass transfer. Another possible reason is dissolved gases and micelles in the base liquid, which could scatter and reflect the incident radiation resulting in a change of extinction coefficient.

The proposed model increases the accuracy of calculating optical properties of the suspension (spectral absorbance, extinction coefficient, etc.). Moreover, considering the particle size distribution when calculating the extinction coefficient allows us to obtain qualitatively more correct results, reflecting the features of the dependence of the spectral absorbance on the wavelength of the incident radiation. Furthermore, the proposed polydisperse model allows us to reveal the influence of particle size on the extinction coefficient of suspension and analyze the contribution of particles of different sizes to the total radiation absorption.

Comparing the proposed polydisperse model with the conventional one (monodisperse), we conclude that it is more suitable for numerical simulations since it can describe the contribution of particles of different sizes to the absorption of specific wavelengths. Thus, the polydisperse model provides higher accuracy in calculating the optical properties of suspensions of the complex composition and reflects the features of radiation absorption of specific wavelengths. On the contrary, the monodisperse model cannot describe the absorption features of specific wavelength ranges; however, with a proper determination of the effective particle size, the model can correctly estimate the integral absorption capacity of the suspension.

To summarize the above, the polydisperse model is suitable for calculating spectral properties such as absorption, extinction coefficient, etc. In contrast, the monodisperse fits well for determining the integral characteristics of absorption of suspensions.

4  Conclusion

The present study proposes a method to consider particle size distribution when calculating the extinction coefficient of the fine-dispersed suspensions. The proposed model is based on Mie scattering theory and uses volumetric particle size distribution, obtained using the dynamic light scattering method.

We carried out an experimental study of light extinction and granulometric analysis of water-based suspension with multi-walled carbon nanotubes for two particle fractions of 0.004 wt% and 0.01 wt%. The additional chemicals (sodium dodecyl sulfate, ethanol, and defoaming agent) were utilized to stabilize the suspension samples. The granulometric analysis performed by dynamic light scattering showed that MWCNT with the initial sizes of 49 and 72 nm aggregated in the suspension up to average sizes of 720 and 270 nm for fractions of 0.004 wt% and 0.01 wt%, respectively. The spectral absorbance measurements in the suspension samples were carried out within the wavelength range from 200 to 900 nm using a UV-visible spectrophotometer. The experimental spectral absorbance of the suspension samples was compared with the reference measurement for the base fluid, demonstrating the increase in absorbance by 357% and 1740% for particle fractions of 0.004 wt% and 0.01 wt%, respectively.

Further, we validated the proposed polydisperse model against the experimental data and conventional model, which assumes the monosized nanofluid. The polydisperse model increases the accuracy of reproducing the experimental data by about 2 times, showing the wavelength-averaged discrepancy relative to experiments of 6.6% and 32.2% against 12.6% and 77.7% for the monodisperse model. Moreover, we analyzed the contribution of particle agglomerates of various sizes to light absorption using the proposed polydisperse model. We found that the greatest influence is due to agglomerates, the sizes of which are comparable to the wavelength of the incident radiation. Thus, the particle agglomerates with sizes below 700 nm contribute about 90% to the total absorbance in the wavelength range from 200 to 900 nm at a particle fraction of 0.004 wt%. Similarly, for the suspension with 0.01 wt% of MWCNT, the light extinction is mostly due to agglomerates with sizes below 400 nm, which contribute about 90% to the total absorbance.

All in all, the proposed polydisperse model allowed us to achieve significantly higher accuracy in reproducing experimental data than the conventional monodisperse model. A further increase in the accuracy of the proposed model is possible by considering the spatial non-uniformity of the particle distribution and coupling it with modeling the heat and mass transfer in a suspension.
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