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Abstract
Nanofluids are a class of fluids prepared by dispersing nanoparticles in conventional base fluids. Owing to their excellent 
thermo-physical properties, nanofluids find potential applications in manufacturing industries. They are introduced to over-
come the limitation with using traditional base fluids like water having low thermal conductivity (~ 0.612 W/mK at room 
temperature). The thermal conductivity of a base fluid is considerably increased by adding a modest number of nanoparticles 
to it. In the present work, we have prepared silver nanoparticles and nanorods using the simple chemical reduction method. 
UV–Visible spectroscopy and field emission scanning electron microscopy were used to investigate the optical characteristics 
and morphology of the produced nanomaterials. Furthermore, the effect of volume loadings of produced nanomaterials (0, 
2%, 4%, 6%), as well as temperature on the thermal conductivity of the base fluids was investigated. The results are compared 
to different silver nanoparticles (AgNPs) loadings in the base fluid. Both silver nanoparticles and nanorods have optimal heat 
conductivity at 2 vol%. It is interesting to note that fluids with silver nanorods (AgNRs) portrayed better results compared to 
nanoparticles and the maximum enhancement observed of 78.4% for AgNRs-based nanofluids at temperature 323 K, which 
is very high when compared to most of the previously reported values.
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Introduction

Continuous progress in the production of robust engines in 
the manufacturing industries necessitates the use of highly 
efficient cooling systems. Cooling technology mainly 
aims to improve heat transfer, which requires the coolant 
to have excellent thermo-physical properties [1]. Conven-
tional fluids, for instance water and ethylene glycol, used in 
heat exchangers have poor thermal conductivity (TC) [2]. 
To combat this challenge nanofluids have been employed, 
which contain solid nanoparticles of size ≤ 100 nm that are 
dispersed into a base fluid [3]. As nanofluids have greater 
number of particles per unit volume, they portray better TC 
than conventional fluids. Several factors, such as nature of 
the material, temperature, volume fraction of nanoparticles 
dispersed, viscosity, aspect ratio, type of base fluid, and the 
stabilizer [4] affect the nanofluid’s thermal conductivity. 
Studies have confirmed that in most of the cases, with an 
increase in particle concentration, and temperature, TC has 
increased [5]. Binary conventional base fluids, for example a 
combination of water and ethylene glycol, resulted in slight 
enhancement in heat transfer properties when compared 
to monofluids. However, these cannot be used in systems, 
which produce high heat flux and it can be resolved by using 
oil-based nanofluids [6].

It is interesting to note that trivial addition of nano-
particles dramatically improved the TC of a base fluid. 
When nanofluids are used as a coolant in heat exchanger, 
nanomaterials enhance the heat absorption. Due to vary-
ing density, heat is uniformly dissipated across the fluid. 
This implies that when the number of particles is higher, 
the direct contact of particles with the hot surface results 
in enhanced TC. But the experimental results have also 
indicated that TC is higher at a particular volume concen-
tration and with further rise in concentration leads to cause 
a decrement in TC. Stephen U.S. Choi and J. A. Eastman 
were the first to suggest dispersing nanometer-sized metal-
lic particles in traditional heat fluids to generate a new 
class of engineering fluids with improved thermal conduc-
tivity, dubbed nanofluids. They theoretically examined the 
influence of copper nanoparticles suspended in water on 
thermal conductivity of nanofluids. The use of nanofluids 
reduced heat exchanger pumping power by a significant 
amount [7]. Later, nanofluids based on various nanoma-
terials such as Cu NPs [8], CuO nanowires [9], Ag NPs 
[10], graphene [11], multiwalled CNTs [12], and MXenes 
[13] were successfully synthesized and showed improved 
thermal conductivity when compared to the corresponding 
base fluid, bringing hope of increasing engine efficiency.
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Sivakumar et al. created a forced convection solar dryer 
integrated with a CuO nanoparticle-coated flat plate solar 
collector to investigate the effectiveness of drying maize 
under Coimbatore's meteorological conditions. The modi-
fied dryer's performance was tested at a constant air flow 
rate of 1.5  m3/min, and the results were compared to the 
conventional type. In the presence of nanoparticles, the 
collector's efficiency increased by 4% [14]. The thermal 
performance of a heat pipe that employs nano-enhanced 
phase change material (PCM) as an energy storage medium 
for electronic cooling applications was investigated. The 
thermal conductivity of the nano-enhanced PCM is meas-
ured and found to be increased by up to 32% when com-
pared to pure Tricosane. The nano-enhanced PCM can 
store nearly 30% of the energy supplied at the evaporator, 
resulting in a reduction in fan power consumption [15]. 
Heat transfer performance of a computer cooling system 
using a water cooling kit with nanofluids was studied. The 
effect of nanofluids on the cooling system in real-world 
conditions was determined using a real computer setup 
with a quad core processor. Thermal conductivity and con-
vection coefficients are improved over pure fluid values, 
the flow rate required to meet the economy and power 
consumption of the cooling system [16].

In our previous work, polyvinyl alcohol (PVA), polyvinyl 
pyrrolidone (PVP), and blend (PVA/PVP) polymer disper-
sant-stabilized Ag nanofluids are prepared. At an equimolar 
ratio of blend polymer dispersant for a lower Ag particle 
concentration (0.005 percent), a 31.49 percent increase in 
thermal conductivity was found [17]. Similarly, the AuAg 
and CuAg bimetallic NPs, prepared via seed colloidal tech-
nique showed improved thermal conductivity (8% and 7%) 
when compared to base fluid (water) [18].

Observations suggest that the shape-dependent studies 
on thermal conductivity of nanomaterials are sparse. As 
a result, a study of the influence of morphology on heat 
conductivity is required. In this vein, the current research 
aims to investigate the feasibility of modifying the TC for 
heat transfer applications by changing the structure of the 
nanomaterial.

Specifics of the experiment

Chemicals used

Silver nitrate  (AgNO3, 99%), cetyltrimethylammonium bro-
mide (CTAB, 99%), and sodium hydroxide (NaOH, 99%) 
are obtained from Loba Chemie Pvt Ltd. Ascorbic acid 
 (C6H8O6, 99%) and sodium borohydride  (NaBH4, 98%) 
are bought from Sigma-Aldrich. All the chemicals are used 
without being purified further.

Synthesis

Silver nanorods of different aspect ratio were synthesized 
using seed-mediated procedure [19].

Preparation of seed solution 10 µl  AgNO3 (0.01 M) and 
80 µl CTAB (0.1 M) were mixed, and the resultant solution 
was diluted and made up to 20 mL using distilled water 
and 0.6 mL  NaBH4 (0.01 M) was added. CTAB and  NaBH4 
serve as capping and reducing agents, respectively, in this 
reaction. After that, the solution was swirled for 2 min. 
Before addition to the growth solution, the prepared seed 
solution was kept undisturbed for roughly an hour.

Preparation of growth solution A 10 mL growth solu-
tion was made up of 9.25 mL of CTAB (0.01 M), 0.25 mL 
of  AgNO3 (0.02 M), and 0.5 mL of ascorbic acid (0.1 M). 
0.125 mL seed solution was added to the resulting mixture, 
followed by 0.1 mL NaOH (1 M) to prepare Ag NRs. For-
mation of pinkish purple colloidal solution represents the 
formation of nanorods.

Nanofluids preparation For the preparation of nanofluids 
of required concentration, the colloidal solution of NPs and 
NRs was dispersed in distilled water to obtain different vol-
ume loadings of nanorods (0%, 2%, 4%, 6%).

Characterization

The structure of the silver nanorods is analyzed using a 
field emission scanning electron microscope (FESEM; Carl 
Zeiss; EVO-18). The SHIMADZU-1800 UV–Visible spec-
trophotometer was operated to study the optical properties of 
silver nanoparticles and nanorods. Decagon Devices, Inc.'s 
KD2 pro setup was used to evaluate thermal conductivity.

Outcomes and discussion

Optical and morphological properties

Among the most important optical properties of metallic 
nanoparticles is surface plasmon resonance (SPR). It is well 
known that the nature of the material, size, shape, composi-
tion, and local environment of the synthesized nanoparticles 
dictates the optical spectra. The absorption spectra of Ag 
NPs (seed solution) and Ag NRs are shown in Fig. 1. The 
silver seed solution displayed a single absorbance peak at 
403 nm, suggesting the development of spherical nanopar-
ticles. Two distinctive peaks at 545 nm and 410 nm, asso-
ciated with the longitudinal surface plasmon peak and the 
transverse surface plasmon peak, respectively, shows the 
successful formation of silver nanorods.

The FESEM studies showed the presence of both Ag nan-
oparticles and nanorods (in Fig. 2b) in final product, whereas 
the seed solution contained only silver nanoparticles of 
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average size ~ 13 nm as depicted in Fig. 2a. Silver nanorods 
of varying dimensions are observed in Fig. 2b, having an 
average length and diameter of ~ 29 nm and ~ 16 nm  respec-
tively, and the average aspect ratio was determined to be 1.79 
correspondingly.

Thermal conductivity studies

The transient hot wire (THW) method is a widely used method 
to determine the thermal conductivity of liquids, gases, and 

solids, and it may also be used to investigate the TC of nano-
fluids. KD2 Pro setup operates based on this technique, where 
TC can be determined by observing the change in temperature 
over time at a fixed distance from a heating wire immersed in 
test sample. Using the following expression, KD2 Pro gives the 
thermal conductivity [20]. The technique is based on recording 
the transient temperature rise of a thin vertical metal wire with 
infinite length when a step voltage is applied to it. The wire is 
immersed in a fluid and can act both as an electrical heating 
element and a resistance thermometer. The temperature gradi-
ent between the wire surface and the fluid generates a buoyant 
force, resulting in natural convection, which tends to measure 
fluid thermal conductivity. The thermal conductivity was cal-
culated from the slope of the rise in the wire's temperature 
against the logarithmic time interval. The uncertainty of this 
measurement is estimated to be within ± 1.0% [21].

where q denotes the constant heat rate and the changes in 
temperature with time t1 and t2 are denoted using ΔT1 and 
ΔT2.

(1)keff =
q
[

ln t2 − ln t1
]
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[
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]
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Fig. 2  FESEM image and their 
corresponding histograms of a 
AgNPs and b AgNRs

100 nm

100 nm

(a)

(b)

(c)

(d)

(e)

Ag NRs        

Ag NPs        

Ag NRs

8 10 12 14 16 18 20 22
0

2

4

6

8

C
ou

nt

Particle size/nm

Mean- 13 nm

8 10 12 14 16 18 20 22 24
0

2

4

6

8

10

C
ou

nt

Diameter/nm

Mean- 16 nm

20 25 30 35 40
0

1

2

3

4

5

C
ou

nt

Length/nm

Mean- 29 nm



14035Analysis of shape dependency of thermal conductivity of silver-based nanofluids  

1 3

The following equation [10] can be used to compute the 
percentage of thermal conductivity enhancement, i.e.,

Here knf and kbf are used to denote the thermal conductiv-
ities of nanofluid as well as the base fluid at a particular 
temperature.

Thermal conductivity tests were performed on a variety 
of volume concentrations (0%, 2%, 4%, 6%) of Ag NRs and 
Ag NPs (Fig. 3). Upon the introduction of a small volume 
concentration of Ag NPs and NRs (2 vol%), significant 
enhancement in TC, i.e., 49.42% and 65.96%, respectively, 
was observed at room temperature. Different methods can be 
used to explain the enhancement in TC, including Brownian 
motion of the particles, ballistic heat transport, molecular 
stacking at the nanoparticle–liquid interface, and NP cluster 
formation. However, further increase in concentration results 
in reduction of TC and approaches to TC of the base fluid. 
The above effect has been attributed to the agglomeration 
caused by the formation of closely packed clusters [22].

The effect of temperature variation on thermal conduc-
tivity was also studied in the range of 306–323 K, shown in 

(2)Enhancement(%) =
knf − kbf

kbf
× 100

Fig. 4. The thermal conductivity of the nanofluid increased 
as the temperature went up. When thermal conductivity of 
nanofluids comprising only NPs and nanofluids containing 
NRs was compared, fluids containing nanorods exhibited 
a superior thermal conductivity regardless of temperature. 
Ag NRs-based nanofluid exhibited maximum thermal con-
ductivity enhancement (78.4%) with respect to base fluid 
at 323 K, which is much superior compared to most of the 
reported values (Table 1).

Moreover, spherical Ag NPs-based nanofluid also 
showed remarkable enhancement at all the temperature 
with respect to the base fluid, with a maximum increment 
(53.3%) at 313 K, which is notable. This might be due to 
the formation of very small sized (≤ 20 nm) nanoparticles 
[23]. Furthermore, diffusive heat conduction dominates 
in NRs-based nanofluids, whereas thermal conductivity 
improvement in NPs-based nanofluids is primarily due 
to Brownian motion of the particles. The dominance of 
diffusive heat conduction mechanism improves with the 
increasing aspect ratio [24]. The diffusive heat conduc-
tion depends upon the interfacial thermal resistance Ri. 
The interfacial thermal resistance hinders heat diffusion 
due to solid–liquid interactions. With the enhancement 

Fig. 3  Thermal conductivity 
plot of a Ag nanoparticles and 
b Ag nanorods with increase in 
volume fraction
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in concentration and temperature, the Ri values decrease, 
allowing more heat transfer through thermal diffusion. As 
a result, diffusive heat conduction in nanofluids increases. 
The relaxation time is significantly affected by the long-
time tail in Brownian motion of the nanoparticles occurred 
because of the inertia of the moving nanoparticles. Thus, 
the particles need more time to adjust their movement 
between two successive collisions. Therefore, the indi-
vidual contribution due to Brownian motion gets reduced. 
Moreover, the ratio of heat transfer by the moving nano-
particles due to Brownian motion to the same with base 
fluid is negligible. However, with increase in temperature, 
agitation among nanoparticles increases which enhances 
Brownian motion of nanoparticles [25].

The increased surface area-to-volume ratio of nanorods, 
which results in a larger contact area of the NPs with the 
base fluid, can be linked to their improved heat conductiv-
ity when compared to nanoparticles [26].

Table 1 shows the TC of nanofluids containing nanoma-
terials with different morphologies. It is evident that when 
compared to spherical nanoparticles, one-dimensional and 
two-dimensional nanomaterial-based nanofluids possess 
interesting thermal properties, which is highly advanta-
geous in heat exchangers. Further, due to the presence of 
covalent intra-layer bonds as well as Van der Waals layer-
to-layer interactions, 2D-layered material-based nanofluid 
exhibits significant increase in TC.

Comparison of experimental results 
with the classical theoretical models

Xuan et al. [27] and Kumar et al. [28] provided classical 
models that were compared to the experimentally obtained 

thermal conductivity of nanofluids. These models describe 
the temperature and Brownian motion of the NPs as factors 
of thermal conductivity of nanofluids.

Xuan et  al. developed a modified formula from the 
Maxwell model for effective thermal conductivity of nano-
fluids [29], i.e.,

where kB = Boltzmann constant (1.381 ×  10−23 J  K−1), rc—
apparent radius of cluster (35 Å), kp (191.32 W  m−1  K−1) and 
(0.599 W  m−1  K−1), kp and kb are the thermal conductivity 
of the NPs and base fluid, respectively, Cp—specific heat 
capacity (4.186 J  kg−1 °C−1), respectively.

Kumar et al. proposed a comprehensive model to evaluate 
the effective thermal conductivity of nanofluids by combin-
ing two sub-classical models, i.e., stationary particle model 
derived from the Fourier’s law of diffusion and the moving 
particle deduced from the Stokes–Einstein formula follow-
ing the strong temperature dependence for the enhancement 
of thermal conductivity in nanofluids. It is expressed as [30],

where Cp is heat constant (4.186 J  kg−1 °C−1), �—dynamic 
viscosity of the base fluid (9.375 ×  10−4 Pa·s), and dp—diam-
eter of the particles (Fig. 5).

In comparison with the Kumar et al. and Xuan et al. 
models, at lower temperatures there was clear agreement 
of experimental findings with the Xual et al. model for both 
Ag NPs and Ag NRs; however, there was some departure at 
higher temperatures.

keff =
kp + 2kb −

(

2kb − kp
)

�

kp + 2kb +
(

kb − kp
)

�
kb +

�p�Cp

2

√

kBT

3�rc�

keff = kb + Cp

2kBT

��d2
p

�rb

kb
(

1 − �
)

rp
kb

Table 1  Comparison of thermal 
conductivity improvement in 
different nanofluids with the 
present work

Nanomaterial Base fluid Vol% Maximum 
enhancement/%

Temperature/K References

CuO nanowire Dimethicone 0.75 60.78 308 [9]
CuO NPs Dimethicone 0.75 6.98 308 [9]
Cu NPs Ethylene glycol 0.5 46 323 [8]
MWCNT-TiO2 Ethylene glycol 1 25.18 323 [27]
Al2O3 Water 2 16.1 300 [28]
Multilayered  Ti3C2Tx Ethylene glycol 5 53.1 298 [13]
Single layered  Ti3C2Tx Ethylene glycol 5 64.9 298 [13]
Graphene Ethylene glycol 5 86 303 [11]
Ag NPs Water 2 53.3 313 Present work
Ag NRs Water 2 78.4 323 Present work
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Conclusions

The seed-mediated growth method was used to success-
fully produce silver nanorods. The formation of nanorods 
is evident from the second peak observed at 545  nm, 
whereas for spherical nanoparticles the peak was observed 
at 410 nm in optical spectra. From the morphological stud-
ies it was observed that there was non-uniform distribution 
of nanorods having average aspect ratio 1.79 along with the 
formation of spherical nanoparticles. The TC experiments 
revealed that when the vol% of silver NPs/NRs increased, 
the TC dropped due to nanoparticle agglomeration at greater 
concentrations. The influence of temperature on nanofluid 
TC was also investigated, and it was discovered that as tem-
perature rose, so did TC. Both Ag NR and NP-based nano-
fluids showed remarkable enhancement (53.3% and 78.4%) 
at temperatures 313 and 323 K. Hence, further studies on 
rheological properties and controlled morphology of Ag NR 
based nanofluids can make them to be used as heat transfer 
fluids in industries.
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