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A B S T R A C T

Conventional methods for synthesizing metallic nanoparticles face challenges such as instability and environ
mental concerns. Therefore, new, simpler, and more eco-friendly methods are being explored. In this context, the 
study reports a green synthesis process to produce magnetic iron oxide nanoparticles using an aqueous extract of 
the alga Chlorella vulgaris. This process leverages natural resources to create a sustainable nanofluid known as 
green nanofluid. To evaluate the characteristics of this nanofluid, experimental measurements of wettability, 
viscosity, thermal conductivity, and qualitative stability analysis were conducted. An experimental setup con
sisting of a heat exchanger made of polydimethylsiloxane (PDMS) was used to assess the thermal performance 
and the results were compared to theoretical equations and numerical simulation. Additionally, thermographic 
imaging of temperature gradients as the fluids passed over the heated surface of the serpentine channel were 
made. The main findings confirmed that the nanofluid was more stable than that obtained by traditional methods 
and had a more uniform temperature distribution over the heat exchanger. The higher concentration exhibited 
superior thermal performance compared to DI-Water. Moreover, the green nanofluid was used at a weight 
concentration of 0.1 wt%, provided thermal performance results of nearly 4.5% superior to those estimated by 
the numerical model and 6.4% higher than those experimentally obtained with the base fluid, respectively. 
Finally, the results obtained for the nanofluid also showed an average increase of around 5% in the viscosity of 
the base fluid, with a more significant sedimentation at a concentration of 0.1 wt%.

1. Introduction

Recent advances in nanomaterial research have enabled the explo
ration of new materials that may be more effective in enhancing heat 
transfer. The production of nanoparticles (NPs) has been prominent 
since it is used in different application areas such as medicine, elec
tronics, sensor applications, chemical induction, and electrochemical 
applications, representing a promising technology for applications of 
high complexity and performance, such as those found in the aerospace 

industry [1]. Nanoparticles encompass a diverse range of materials and 
consist of particles with a dimension smaller than 100 nm [2].

Those produced from metal precursors, such as iron, zinc, copper, 
gold, cobalt, nickel, and other stable metals [3], are known as metallic 
NPs. Their versatility is advantageous as their thermal, optical, mag
netic, plasmonic, and catalytic properties can be adjusted according to 
their size, composition, and shape [4,5]. In addition to these charac
teristics, metallic NPs are associated with biological attributes, such as 
antibacterial, antifungal, and anticancer properties [6]. This class of 
nanoparticles can be synthesized by physical, chemical, and biological 
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methods [7]. Although physical and chemical methods are more widely 
explored and described in the literature [8], some actual limitations and 
challenges, including lack of stability, use of toxic precursors and 
organic solvents, large waste production, need for high pressures and 
temperatures, and excessive energy consumption [9,10].

These limitations allow for exploring environmentally friendly and 
advantageous synthesis methods, as with green syntheses that have been 
the focus of scientific study in recent years. These methods utilize a 
variety of natural resources, such as plants, algae, fungi, bacteria, and 
yeasts, available on the planet, which act as reducing agents and stabi
lizers in the synthesis of metallic nanoparticles, allowing them to over
come many of the limitations of conventional methods.

When added to a base fluid, these NPs form nanofluids. Although the 
applications of nanofluids range from drug delivery and lubrication to 
antimicrobial activity [2,3], it is in heat exchange systems that they 
stand out, offering more efficient and sustainable solutions for thermal 
engineering [11]. They can be used in any equipment using thermal 
fluids, including heat pipes, solar collectors, radiators, and pumped 
cooling systems, involving phase change or not [4,12]. Some relevant 
literature includes studies conducted by researchers Ajeeb and Murshed 
[13], who performed experimental and numerical analyses on the heat 
transfer performance of nanofluids. In other works, they analyzed the 
heat transfer performance of nanofluids containing aluminum and 
alumina [14], silica, titania, and boron nitride [15,16] in heat ex
changers with mini- and microchannels.

Moreover, technologies with rapidly increasing processing capacity 
can benefit from advances in the sector. That is the case with high-power 
electronic devices such as Central Processing Units (CPUs) and Graphics 
Processing Units (GPUs), which generate intense heat, leading to over
heating problems and even system failures. Thus, the heat dissipation 
procedures play a pivotal role in maintaining the reliability of this 
equipment [17].

However, nanoparticles in the base fluid can modify its surface 
tension and, consequently, its wettability and alter viscosity and thermal 
conductivity, which are crucial parameters for adequate application in 
heat transfer systems. For example, wettability mainly influences the 
heat exchangers operating under flow boiling conditions, affecting 
effective heat exchanges and fluid transport driven by capillarity. Also, 
viscosity plays a significant role, especially in mechanical pumping 
systems, due to the fluid’s resistance to flow and subsequent pressure 
loss. Thermal conductivity is essential for enhancing the heat transfer of 
nanofluids when the surface is cooled. Moreover, it is essential to ach
ieve a stable nanofluid solution that can prevent nanoparticle 

aggregation and sedimentation [3,18].
Within this context, this work aims to report the thermal perfor

mance of nanofluids containing magnetite nanoparticles synthesized 
through a process known as green synthesis. The analysis includes the 
evaluation of the wettability, viscosity, thermal conductivity, and sta
bility obtained through measurement techniques widely consolidated in 
the literature. A serpentine-type heat exchanger made of PDMS (poly
dimethylsiloxane) was also used to assess the nanofluid’s capacity in a 
thermal system. PDMS is an elastomer widely used in microfluidic or 
lab-on-a-chip applications. The fabrication process, its lightweight, and 
its ability to enable the manufacture of heat sinks with complex topol
ogies and geometries justified its choice [19].

Chlorella vulgaris algae extract was used for the green synthesis of 
nanoparticles. The use of algae in synthesizing metallic nanoparticles is 
possible with different species of algae [20–22], this being one of them. 
The choice of preparation method, instead of a traditional technique, 
lies in the fact that combining these nanoparticles with algae extract is 
believed to be a simple and economical way to increase the long-term 
stability of nanofluids, as found by [20,22].

Copeland’s theoretical model [23] was used for the pressure drop, 
and the results were compared with those of the numerical simulation 
using commercial ANSYS CFD software (ANSYS, Inc.).

The novelty of the current study is closely linked with the innovative 
synthesis of the nanoparticles of the employed eco-friendly nanofluid. 
Based on the authors’ knowledge, this is the first time algae extract- 
based nanoparticles have been used in the operating nanofluid of a 
heat exchanger for heat transfer enhancement purposes. Also, the pre
sent experimental and numerical analysis aims to provide valuable in
sights for optimizing thermal management systems based on PDMS 
frames and environmentally friendly operating nanofluids.

2. Materials and methods

2.1. Preparation of the samples

2.1.1. Method for obtaining the PDMS serpentine
Another of our works details the method for obtaining the PDMS 

serpentine [24]. In summary, resin was chosen for mold fabrication due 
to its superior printing quality and finer, smoother finish. Next, the 
PDMS Sylgard® 184, a polymeric component, and a curing agent, were 
used at a ratio of 10:1, respectively, with materials mechanically mixed 
for about 10 min. Subsequently, the mixture was degassed using a 
vacuum pump for about 30 min, and finally, the solution was poured 

Nomenclature

cp Specific heat capacity, (J/kgK)
Dh Hydraulic diameter, (mm)
f Fully developed friction factor, (− )
fapp Apparent friction factor, (− )

G Function of the channel aspect ratio, (− )
Hch Channel height, (mm)
k Thermal conductivity, (W/m • K)
L Length of the test section channel, (m)
L+ Hydraulic channel length, (− )
r Ratio
ṁ Mass flow rate, (kg/s)
n Shape factor, (− )
p Order of convergence
Δp Pressure drop, (Pa)
Q Volumetric flow rate, (ml/min)
Q̇ Heat flux, (W)
Re Reynolds number, (− )

T Temperature, (◦C)
v Velocity, (m/s)
w Sphericity of the particle, (− )
Wch Channel width, (mm)
Wp Distance between channels, (mm)

Greek letters
φ Particle volume Concentration, (w/v%)
μ Viscosity, (mPas)
θ Contact angle, (◦)
ρ Density, (kg/m3)
Ϙ Evaluated parameter
ξ Relative error

Subscripts
bf Base fluid
np nanoparticles
H&C Hamilton & Crosser
Maxwell Maxwell
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into the mold. The PDMS curing process occurs in an oven for 2 h at 
60 ◦C. Lastly, the serpentine was carefully removed from the mold using 
a spatula.

2.1.2. Preparation of Chlorella vulgaris extract
Chlorella vulgaris was obtained from ALLMA®. The pH value was 

measured using an APERA Instruments PH20 pH meter, and the pH of 
each solution was appropriately adjusted using a 1 M solution of sodium 
hydroxide (NaOH) sourced from Sigma-Aldrich, St. Louis, MO, USA.

7.5 g of Chlorella vulgaris algae powder was added to 100 mL of 
distilled water to prepare the aqueous extract. The solution was heated 
to 55 ◦C and stirred magnetically for 24 h. Subsequently, the solution 
was centrifuged at 6000 rpm for 20 min to separate biological residues 
from the extract. The resulting supernatant from centrifugation was then 
filtered through Whatman N◦.1 filter paper. The aqueous extract was 
stored at 4 ◦C for future use.

2.1.3. Preparation of iron oxide nanoparticles using Chlorella vulgaris 
extract

In order to synthesize the nanoparticle, a volume of 4 mL of the 
previously prepared Chlorella vulgaris aqueous extract was added to a 
100 mL solution of 0.2 M of iron (II) chloride. The algal extract and iron 
chloride solution were allowed to react for 20 min and incubated at 
60 ◦C to initiate the first reduction reactions of iron chloride using 
natural reducing agents from the algal extract. Subsequently, the pH of 
the reaction mixture was adjusted to pH = 11 using 1 M of NaOH. 
Various aliquots corresponding to reaction times of 0.5 h, 2 h, and 6 h 
were collected.

The ultraviolet absorption spectrum of the aliquots was analyzed, 
and the formation of an absorbance peak indicated the formation of 
nanoparticles. Within 30 min, the solution turned dark brown, indi
cating the production of iron oxide nanoparticles. The synthesized 
nanoparticles were then isolated via centrifugation (6000 rpm at room 
temperature for 20 min). The supernatant was discarded, and the 
nanoparticle pellet was resuspended in distilled water. This process was 
repeated twice to eliminate any by-products of the reaction and cleanse 
the surface of the nanoparticles. The bio-reduction of iron ions to 
magnetic iron nanoparticles was monitored by measuring UV–VIS 
spectra of the aliquots at intervals of 0.5 h, 2 h, and 6 h using a UV-1800 
UV–Vis Spectrophotometer.

In order to measure the weight concentration of nanoparticles, the 
nanofluid was sonicated for 20 min to enhance dispersion within the 
fluid. Subsequently, 5 g of the nanofluid was added to a glass beaker 
with a known mass. The filled beaker was then dried at 60 ◦C in an oven, 
and the weight was measured again using a high-precision scale. With 
this value, the concentration of nanoparticles was determined. Distilled 
water was then added to obtain the desired concentrations.

2.2. Characterization of the samples

2.2.1. Biosynthesis of Fe3O4 NPs and UV–vis spectroscopy
The synthesis of Fe3O4 NPs was visually monitored by observing a 

color change in the reaction mixture, consisting of iron chloride salts and 
Chlorella vulgaris aqueous extract, upon adding NaOH (pH = 11). The 
color change, shifting from light brown to dark brown over time, pro
vides empirical evidence of the successful synthesizing of Fe3O4 NPs. 
Subsequently, the separation of Fe3O4 NPs was achieved through mag
netic separation, facilitated by applying an external permanent magnet 
at the end of the reaction. To determine the optimal reaction time for 
synthesis, several aliquots were extracted at intervals of 0.5 h, 2 h, and 6 
h.

2.2.2. Wettability
The wettability of each fluid was assessed using the DataPhysics OCA 

− Series instrument with an accuracy of ± 0.1◦ at room temperature 
(20 ◦C). Samples were evaluated on three different substrates: glass 

(Microscope slides VWR®), PDMS manufactured according to [7,24], 
and aluminum (AL6070-T6, roughness 4.489 µm). Drops of each fluid, 
with a volume of 10 μL, were dispensed, and twenty-four samples were 
taken for each fluid at six different positions.

2.2.3. Viscosity measurements
The viscosity of the fluids was determined using a rotational 

rheometer MCR 92 Anton Paar with an accuracy of 1 %. A cone-plate 
geometry with a diameter of 50 mm and a 1 mm gap was employed. 
Steady shear flow curves were obtained at a constant temperature of 
20 ◦C. Three replicates of each measurement were performed to ensure 
reproducibility.

2.2.4. Stability tests
The stability tests of the green nanofluid, produced from algae 

extract, were carried out by obtaining optical images for a concentration 
of 0.1 wt% within a time window of 5 h. To compare the stability of the 
nanoparticles after the suggested time interval, another nanofluid of the 
same concentration, but made without the algae extract, was prepared.

2.2.5. Thermal conductivity measurements
Thermal conductivity measurements were carried out using the 

transient plane source method with a Hot Disk TPS 2500S instrument 
with an accuracy of 5 %. The Hot Disk 5501 F1 sensor was used, and the 
fluid was enclosed within a PDMS cell designed for NF thermal con
ductivity measurements, as described in [7]. Measurements were con
ducted with concentrations from 0.05 and 0.1 wt% of magnetic 
nanoparticles and were compared with the DI-Water base fluid.

2.3. Experimental setup of heat transfer experiment

Fig. 1 schematically represents the experimental setup and the 
interconnection between equipment and components. A Harvard Appa
ratus® 22 syringe pump (1) was used to pump the working fluid into the 
system containing the test section (2), where it was heated by a stainless- 
steel sheet and subsequently stored in the reservoir (3).

The heat flux was induced by adjusting the electric current from the 
power supply using Axio Met® AX-3020L 20VDC 20A DC (4), which was 
fine-tuned to the desired values based on readings from a multimeter, 
PCWork® (5). Inlet (Tin) and outlet (Tout) fluid temperatures were 
tracked using two type-T thermocouples linked to a DT9829 data 
acquisition board (6). In contrast, the pressure variance between the 
inlet and outlet was gauged by an Omega® PX409-005DWUV pressure 
sensor (7). This sensor was connected to the data acquisition board and 
powered by a Leybold® 521 45 power supply (8). The temperature 
distribution across the stainless-steel sheet was observed through an 
Onca MWIR-InSb-320 thermographic camera (9) positioned beneath the 
serpentine channel, facing upwards with the focus adjusted manually. 
This equipment choice allows temperature gradients of the heated sur
face to be obtained without any interference, either from the liquid flow 
crossing the serpentine channel or needing a local sensor.

Additionally, at the center of the surface, immediately below the 
serpentine flow channel on the external part of the stainless-steel sheet, 
a T-type thermocouple was positioned to monitor the temperature of the 
wall (TS) in that region. The temperature measured by this thermo
couple was used in the thermal heat transport equations described in this 
study. Furthermore, the values of the thermocouple served as a reference 
for calibrating the thermal camera. Finally, a computer (10) recorded 
the temperature and pressure signals for the subsequent analysis of re
sults. Fig. 2 shows details of the arrangement where the testing section 
was located.

The arrangement containing the test section consists of a flat wooden 
board (1) with a circular hole 10 mm in diameter to facilitate the 
monitoring of the surface temperature through the thermographic 
camera. The viewing window allowed the direct filming of the heating 
surface in contact with the flowing liquid. On top of the wooden board, a 
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thin sheet of commercially available AISI304 stainless steel (2) with a 
thickness of 20 µm and dimensions of 65 mm × 65 mm was positioned 
just below the PDMS serpentine (3). Two wires for the electrical supply 
were fixed at the ends of the heating plate. These wires were connected 
to the power source that heated the plate, imposing a constant heat flow 
through the Joule effect. The PDMS serpentine (3) was placed on the 
heating plate with the liquid flow channel facing it. Finally, a piece of 
acrylic (4) secured the entire assembly to the wooden board.

It should be noted that the flexibility and malleability of the PDMS 
allowed the system to be completely sealed. Therefore, in this experi
mental setup, the fluid is pumped into the serpentine heat exchanger 
using a syringe pump. At the serpentine’s inlet, the temperature and 
pressure of the fluid are measured. As the fluid flows through the 
serpentine, it is heated by a stainless-steel sheet, which is connected to a 
power supply and generates heat through the Joule effect, with a power 
input of 6 W. Upon exiting the serpentine, the temperature and pressure 

of the fluid are measured again. Finally, the fluid is directed into a 
reservoir for storage without undergoing recirculation.

The side of the steel sheet facing the thermal camera was coated in 
black with high-temperature-resistant paint to enhance emissivity (ε =
0.98, according to the manufacturer [25]).

For the experimental approach, the PDMS block has lengths (L) of 
65.0 mm, channel width (Wch) of 5.0 mm, channel height (Hch) of 5.0 
mm, and distance between channels (Wp) of 6.3 mm. Fig. 3 shows the 
nominal dimensions of the PDMS serpentine.

Although the experimental setup contained a pressure transducer 
coupled to the system to perform the experimental pressure measure
ments, the instrument did not have the necessary precision to obtain 
reliable data. Furthermore, the uncertainty associated with the instru
ment was greater than the value of the data to be obtained. For this 
reason, a theoretical pressure prediction model was used. This theoret
ical model was then compared with the results obtained through nu
merical simulation. Throughout the discussion of the results, it will be 

Fig. 1. Schematic diagram of the experimental setup.

Fig. 2. Scheme of the arrangement containing the test section. (1) wooden 
board with a circular hole, (2) heating surface and electrical connections, (3) 
PDMS serpentine, (4) acrylic piece to fix all the elements to the wooden board.

Fig. 3. PDMS serpentine scheme.
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shown how this approach was able to provide a more accurate and 
reliable analysis of the pressure conditions within the system.

2.3.1. Experimental procedure and data reduction
In order to perform the experimental single-phase flow tests, the 

PDMS serpentine was initially filled with DI water, or the seaweed 
nanofluid, using a syringe pump. After filling, the pump was turned off, 
and the electrical resistance was triggered by increasing the system 
temperature. The tests were initiated when the surface temperature, 
measured by the thermocouple, reached 40 ◦C. All tests were performed 
using a constant heat flow, and three volumetric flow rates of 5, 10, and 
15 ml/min were employed. The flow regime studied was laminar flow, 
as the maximum Reynolds number did not exceed 60 for both fluids 
studied. Additionally, the temperature of the liquid at the inlet was 
controlled by a refrigerated room maintained at 22 ◦C. The system ac
quired data at intervals of 5 values per second, and the last 200 points 
recorded in steady state were used for the processing and reduction of 
the experimental data, achieved through temperature measurements, 
when its variation was lower than the experimental uncertainties of the 
thermocouples.

A concentration of 0.1 wt% was chosen for the nanofluid to conduct 
the experimental flow tests. As presented below, theoretical models 
were used to compare the experimentally measured values for the 
thermal properties.

2.3.2. Theoretical models for the nanofluid thermal conductivity
In addition to experimental thermal conductivity measurements for 

the green nanofluid, values were compared using models and correla
tions obtained in the literature [26–28].

2.3.2.1. Thermal conductivity 

knf Maxwell = kbf

(
knp + 2kbf+2φ(knp − kbf

knp + 2kbf − 2φ(knp − kbf

)

(1) 

This equation represents the Maxwell model [28]. knp and kbf are the 
nanoparticle’s thermal and base fluid thermal conductivity, respec
tively. At last, knf Maxwell represents the thermal conductivity for the 
nanofluid wishes by model.

Another model, by Hamilton and Crosser [28] expressed by Equation 
(2), considers the parameter relative to the shape of the particle, n,
expressed by Equation (3). The shape factor, n, is a relation to the 
sphericity of the particle, w. Therefore, the sphericity of the particle 
varies with the shape; for instance, for a sphere, w = 3, and for a cyl
inder, w = 0.5. 

knf H&C = kbf

(
knp + (n − 1)kbf − φ(n − 1)(kbf − knp

knp + (n − 1)kbf + φ(kbf − knp)

)

(2) 

n =
3
w

(3) 

2.3.3. Pressure drop, thermographic analysis, and thermal performance

2.3.3.1. Pressure drop. The theoretical single-phase liquid pressure drop 
is calculated using Equation (4), shown in the sequence, and the values 
are also used to compare with the numerical simulation. 

Δp = fapp
L
Dh

ρv2

2
(4) 

where fapp is friction factor data for hydrodynamically developing 
laminar flow given by Shah and London [29] and adjusted by the 
equation proposed by Churchill and Usagi [30]. A fapp covering devel
oping and fully developed single-phase regions was derived experi
mentally by Copeland [23], 

fappRe = {
[
3.2(L+)

− 0.57
]2

+ (fRe)2
}

1/2 (5) 

where L+ is the distance along the channel in the hydrodynamic 
entrance region, expressed by a non-dimensional axial coordinate: 

L+ =
L

ReDh
(6) 

and f is the friction factor for fully developed laminar flow that is 
expressed by: 

fRe = 19.64G+4.7 (7) 

where G is a function of the channel aspect ratio, which is given by: 

G =

[(
Wch

Hch

)2

+1

]

/

[((
Wch

Hch

)

+ 1
)2
]

(8) 

2.3.3.2. Thermographic analysis. The thermographic camera recorded 
the evolution of the surface temperature distribution around the central 
area of the steel sheet, as previously described in Fig. 1. More details 
about the data processing and calibration procedures can be found in 
our other works [25,31–33]. The camera has an analog-to-digital con
verter with a 14-bit resolution, assigning values from Analog-to-Digital 
Units (ADU) according to the intensity of the radiation. The operator can 
adjust the integration time, a parameter that allows the exposure time 
for each frame to be chosen. In this work, the integration time was set at 
400 μs, which was considered sufficient to prevent pixel saturation from 
occurring in the operating temperatures range, as highlighted in [33].

2.3.3.3. Thermal performance. The difference between the inlet and 
outlet temperatures of the flowing liquids was measured when they 
reached their steady state, and the same boundary conditions were used 
to compare the thermal heat capacity of each of the studied fluids.

2.3.4. Uncertainty analysis
To obtain the uncertainty of the dependent variables, the method 

described by Line and McClintock was used, which is described in Fig
liola and Beasley [34] by Equation (9): 

u = ±

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
∑n

i=1
θiuXi)

)2
√
√
√
√ (9) 

where u is the absolute uncertainty of the dependent parameter, θi is the 
first partial derivative, and uXi represents the uncertainty of the inde
pendent parameters. For some equipment, such as the electric source 
and syringe pump, the uncertainties provided by the manufacturers 
were considered (Table 1). The experimental uncertainties of thermo
couples were estimated using the method described by the Guide to 
express the uncertainty in measurements, GUM [35].

Table 1 
Experimental uncertainties.

Variable Uncertainty range

Contact angle, θ ± 0.1◦

Pressure, Δp ±28Pa
Serpentine parameters, L, Hch,Wch,Wp ±0.05 mm
Temperature (thermocouples), T ± 0.3 ◦C
Temperature (thermographic camera), T ± 0.5 ◦C
Thermal conductivity, k ±5%
Viscosity, μ ±1%
Volumetric flow rate, Q ±0.035ml/min
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2.4. Numerical approach

2.4.1. Numerical procedure
The ANSYS Fluent software was utilized for the numerical simulation 

due to its accuracy in modeling laminar flows and effectiveness in 
thermal simulations, and the laminar model was chosen to compute the 
flow velocity profiles in the serpentine. The laminar model was utilized 
due to the low Reynolds numbers applied to the tests. The study was 
conducted with the same inlet flow rate and temperature considered in 
the experimental tests. To the external walls of the experiment, we 
consider it adiabatic with the same temperature as the room where the 
experiments were conducted. We also consider 70 % of the power supply 
applied in the real experiment, corresponding to the difference between 
input power and heat losses observed in the system.

The issue being examined is numerically resolved by appropriately 
addressing the flow and heat transfer conservation equations. The con
tinuity equation (mass conservation) applies to compressible and 
incompressible fluids and is represented by Equation (10). 

∂ρ
∂t

+∇ • (ρu) = 0 (10) 

where u is the velocity vector, and ρ is the mass density of the fluid [36].
Equation (11) is the momentum conservation equation, which de

scribes the motion of fluids during flow and is a non-linear partial dif
ferential equation. 

∂(ρu)
∂t

+∇ • (ρuu) = −
∂p
∂β

+∇ • (μ∇u)+ SM (11) 

where p is the static pressure, μ is dynamic viscosity, β represents the 
components from directions x, y and z, and SM represents momentum 
source [36].

The energy equation to be solved takes the following form (Equation 
(12). 

∂(ρi)
∂t

+∇ • (ρiu) = − p∇ • u+∇ • (k∇T)+Φ+ Si (12) 

where ρ is the density of the fluid, i is the internal energy, u is the ve
locity, p is the pressure, k is the thermal conductivity, T is the temper
ature, Φ is the dissipation function, and Si is the additional source term 
[36]. The last one is the additional source term per unit volume per unit 
time, and it is associated with different effects that impact the fluid flow 
behaviour, including, for instance, chemical reactions in reactive flows 
and applied external forces. The term Si is equal to SE − u. SM, where SE is 
the energy source per unit volume per unit time, u is the fluid velocity, 
and SM, is the already mentioned momentum source term.

The governing equations previously presented were numerically 
solved using the finite volume method combined with the coupled al
gorithm, where the equations are solved simultaneously, and the 
dependent variables are calculated at the cell centers.

2.4.2. Mesh validation
The Richardson extrapolation was employed to make the mesh 

validation based on an adaptation in the work of Roache and Knupp 
[37]. To this end, three meshes (coarse, medium, and fine) should be 
generated, with the number of elements increasing according to a con
stant geometric progression r, as indicated in Equation (13). 

r ≅
Finemeshelementsnumber

Mediummeshelementsnumber
≅

Mediummeshelementsnumber
Coursemeshelementsnumber

(13) 

The order of convergence p is calculated based on the parameters to be 
evaluated, obtained from each mesh Ϙ and the previously calculated 
geometric constant, as observed in Equation (14). 

p =

ln
(

Ϙcoarse − Ϙmedium
Ϙmedium − Ϙfine

)

ln(r)
(14) 

The equation describing the parameter considered exact by Richardson 
extrapolation is shown in Equation (15). 

Ϙexact = Ϙfine −
Ϙmedium − Ϙfine

rP − 1
(15) 

Finally, the relative error ξ is the absolute value of the difference be
tween the exact value and the value obtained from the finest mesh, as 
shown in Equation (16). 

ξ =

⃒
⃒
⃒
⃒1 −

Qfine

Qexact

⃒
⃒
⃒
⃒ (16) 

2.4.3. Computational model, mesh, and boundary conditions
The computational domain is shown in Fig. 4. The red solid repre

sents the acrylic volume; the other is the PDMS. The fluid inlet and outlet 
can be observed without volume on the top. Between the acrylic and 
PDMS domains, there is a small AISI304 stainless steel sheet on which 
the heat power source was applied.

In order to fully define the situation under study, the boundary 
conditions must be defined. In the current study, all surfaces have a non- 
slip boundary condition applied, with the external surfaces being treated 
as adiabatic with the room temperature and the outlets having atmo
spheric pressure. More information about the surface boundary condi
tions can be found in Table 2.

The inlet fluid and ambient temperatures are based on the experi
mental conditions. 70 % of the power supply applied in the real exper
iment was considered for the numerical simulation. The standard 
software settings were used for water, and the properties of the materials 
and fluid are presented in Table 3.

Fig. 5 shows the mesh created to discretize the computational 
domain under study. The mesh geometry was carefully designed to 
ensure uniform division across the domain, emphasizing smooth con
nectivity between cells while maintaining orthogonality. The generated 
vertices were grouped into equal sets and selected together to ensure a 
consistent subdivision. Additionally, the face meshing command was 
applied to all faces to maintain the high quality of the mesh.

The mesh employed is orthogonal, non-uniform, and structured. A 
study of the non-interference of the mesh on the results was carried out, 
and the results are presented in Table 4. The mesh’s aspect ratio, 
skewness, and orthogonality were used to validate its quality. The 
selected mesh was the number 1 mesh, which comprised 7 225 344 
hexahedral elements.

The Richardson extrapolation was used, as described, to verify if the 
mesh with fewer elements is sufficiently accurate, and the results of the 
relative error are presented in Table 5.

Fig. 4. Computational domain used.
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Table 6 showed that all analysed parameters did not present signif
icant variation compared to the experimental results.

3. Results and discussion

3.1. Biosynthesis of Fe3O4 NPs and UV–vis spectroscopy

Analysis by UV–VIS spectroscopy of the aliquots studied in this work 
is presented in Fig. 6. The results showed that the maximum absorption 
intensity progressively increased with reaction time, indicating a 
continuous reduction of iron (III) chloride to Fe3O4 NPs. Notably, the 
absence of saturation in absorption intensity over the 6 h suggests that 
the synthesis reaction had not yet reached completion.

Moreover, a slight redshift observed from 349 nm (0.5 h) to 366 nm 
(6 h) implies potential modifications in the size and shape of Fe3O4 NPs. 
Such alterations are often associated with changes in polarity, and 
redshifts typically indicate a shift towards more polar (hydrophilic) 
environments. These findings may suggest the presence of algal bio
molecules, such as polysaccharides, on the surface of the nanoparticles, 

Table 2 
Surface boundary conditions.

Surface Boundary Conditions

Fluid–Solid Interface No-slip Interface and Convection
Interfaces between solid 

materials
Thermal Coupled

External surface Adiabatic, room temperature (from experimental 
data)

Fluid inlet Velocity Inlet (from experimental data)
Fluid outlet Atmospheric pressure

Table 3 
Thermophysical properties of the materials at 25 ◦C used in the simulation.

Properties PDMS Acrylic AISI 
304

GMNF Ref.

Mass density (kg/ 
m3),ρ

970 1190 7900 998.20
[38–40]

Specific heat (J/ 
kgK), cp

1460 1470 500 4162.00* [38,39,41]

Thermal 
conductivity 
(W/mK), k

0.20 0.19 16.30 0.641** [24,36,39]

Viscosity (Pas) NA NA NA 0.001003** NA

* Value calculated according to[7].
** Value obtained experimentally.

Fig. 5. Mesh used in the numerical simulation.

Table 4 
Properties of the meshes that are employed in convergence.

Mesh 1 Mesh 2 Mesh 3

Nodes 821,682 5,590,228 41,035,416
Elements 641,160 4,905,360 38,368,800
Minimum size (mm) 9.45e-5 1.96e-4 3.88e-4

Maximum size (mm) 0.23 0.12 5.77e-2

Aspect ratio 6.29 3.19 2.40
Skewness 1.06e-2 9.24e-3 8.57e-3

Orthogonal quality ~1 ~1 ~1

Table 5 
Validation mesh comparison with the exact result by Richardson Extrapolation.

Outlet temperature Inlet pressure Surface temperature

Error 0.017 0.008 0.000

Table 6 
Validation mesh comparison with experimental results.

Outlet temperature (◦C) Inlet pressure 
(Pa)

Surface temperature (◦C)

Error ±0.01 ±0.05 ±0.25

Fig. 6. UV–vis absorption spectra of time-dependent formation of Fe3O4 syn
thesized from chlorella vulgaris aqueous extract.
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acting as effective capping agents. Capping agents, known for their 
hydrophilic nature, confer these properties to nanoparticles in an 
economical, stable, safe, biodegradable, and non-toxic manner [8,9,20].

3.2. Wettability

As illustrated in Fig. 7, wettability assessments reveal that incorpo
rating green-synthesized magnetic nanofluid positively reduces the 
contact angle on glass and PDMS surfaces.

The glass and aluminium surfaces exhibit contact angles of less than 
90◦, indicating a hydrophobic condition. This result suggests that the 
surface interacts more effectively with the fluid. In studies related to 
two-phase flow and boiling in pools, such behaviour typically leads to 
improved heat transfer [10].

On the PDMS surface, the green nanofluid shows a contact angle with 
hydrophobic characteristics but has lower values than pure water.

3.3. Viscosity

The viscosity findings concerning the shear rate are depicted in 
Fig. 8. Alongside the base fluid (water), the results are displayed for each 
tested concentration. A marginal rise in fluid viscosity relative to water 
is evident. A slight increase was noted regarding the correlation between 
viscosity and nanoparticle concentration, particularly pronounced be
tween the concentrations from 0.05 to 0.1 wt%.

Despite meticulous procedures during data acquisition and the 
execution of three tests for each sample, the results showed no signifi
cant variations. However, sedimentation of nanoparticles was observed 
in the samples, particularly evident in those with higher nanoparticle 
concentrations. An example of the sedimentation observed at the centre 
of the plate is depicted in Fig. 9.

3.4. Stability test results

Fig. 10 shows the qualitative analysis of nanoparticle sedimentation 
using, as base fluid, the DI-Water (left side) or algae extract (right side). 
After preparation, both the traditional Fe3O4 nanofluid and the Fe3O4 
nanofluid produced from algae extract were ultra-sonicated for 1 h and 
left to rest. Following a protocol similar to one presented in another 
study by the group [42], the sedimentation was qualitatively evaluated 
by obtaining optical images of colloidal dispersions at 0, 2, and 5 h after 
sample preparation.

The images of the nanoparticle sedimentation obtained over the 
analyzed time interval showed distinct evolutions. Initially, at t = 0h, 
nanofluids are distinguished only by their characteristic coloration. The 
nanofluid produced from the algae extract is yellowish, which can be 
attributed to various organic components present in the extract. It may 
also be influenced by the type of particles used to produce it. Meanwhile, 
the conventional nanofluid is dark black.

For the other two intervals of 2 h and 5 h, the traditional nanofluid 
began to lose color, becoming transparent, while the green nanofluid 
was less influenced. In both cases, it was possible to perceive the sedi
mentation of nanoparticles at the bottom of the container; however, the 
deposition in the case of the traditional nanofluid was at least twice as 
much as that of the green nanofluid. Another interesting aspect to 
observe is that the amount of iron nanoparticles adhered to the walls of 
the container was quite evident in the traditional nanofluid. These re
sults suggest a promising potential for testing these fluids in devices that 
require heat exchange with heated surfaces in flow.

3.5. Thermal conductivity

Adding NPs into water affects thermal conductivity differently, 
depending on the amount. Small amounts, such as 0.05 wt% were found 
to decrease thermal conductivity, as illustrated in Fig. 11. However, for a 
concentration higher than the previous one, 0.10 wt%, the thermal 
conductivity surpassed that of pure water. Thus, this nanofluid con
centration was chosen for flow tests to ensure performance superior to 
the base fluid, minimizing sedimentation effects and ensuring low 

Fig. 7. Contact angle on glass, PDMS, and aluminum substrate for Green 
Magnetic Nanofluid (GMNF) at different concentrations. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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Fig. 8. Viscosity as a function of shear rate for GMNF.

Fig. 9. GMNF sample in the rheometer with nanoparticle sedimentation in the 
center after taking measurements.
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production costs.
Regarding the experimental results, for the concentration of 0.05 %, 

the amount of nanoparticles is so small that the equipment does not have 
sufficient sensitivity to detect fluctuations, presenting values within the 
instrument’s margin of error, similar to those of DI-Water. Additional 
investigations and high-precision equipment are necessary to detect 
these small variations, as suggested by Roque et al. [43]. Souza et al. [44]
also highlighted the complexity of measuring nanofluids and parameters 
that can lead to errors, such as aggregation and sedimentation. Another 
phenomenon that may help to explain the lower average value is the 
issue raised by Wu et al. [45], who demonstrated that, for sensors based 
on the transient source method, the measurement of fluid thermal 
conductivity is affected by thermal convection, which occurs due to the 
operating principle of the sensor. This phenomenon can artificially in
crease the measured thermal conductivity of fluids, particularly those 
with low viscosity. With the increase in viscosity at the 0.05 % con
centration, as observed in Fig. 8, the influence of thermal convection 
may have decreased, resulting in a lower measured thermal conductiv
ity. However, this likely does not reflect the changes induced by adding 

nanoparticles. Otherwise, a downward trend in thermal conductivity 
would be expected.

The experimentally obtained results were also compared with the 
theoretical models of Maxwell and Hamilton & Crosser (H&C), 
commonly used for predicting the thermal conductivity of nanofluids 
[18]. Table 7 shows consistency in the experimental results, with a 
difference of approximately 2 % compared to the theoretical results for 
the 0.05 wt% concentration, where the measured value was lower than 
predicted by the correlations. In contrast, for the 0.1 wt% nanoparticle 
concentration, the experimental results were about 4.5 % higher than 
those provided by the models and around 6.4 % higher than the base 
fluid measured.

3.6. Fluid flow characteristics

For the experiments to evaluate the liquid flow characteristics and its 
thermal transfer capacity, which will be discussed below, a nanofluid 
concentration of 0.1 wt% was selected.

3.6.1. Pressure drop results
The comparison of the pressure drop obtained by Copeland’s theo

retical model (Equation (4) with the values obtained by simulation is 
shown in Fig. 12. As expected, the results show an increase in pressure 
drop as the amount of liquid passing through the serpentine channel 
increases. Additionally, the curves exhibit similar trends regardless of 
the type of fluid passing through the region. The green nanofluid (red 
line) has a slightly higher pressure drop than DI-Water (black line), 
about 5 % higher, a small variation given that the nanofluid concen
tration is 0.1 wt%. This result allows us to infer that, within one margin 
of security, the effect of the nanofluid on pressure drop is not detri
mental to the system, which is an important parameter as it defines the 
energy consumption required for pumping the cooling system.

The simulated results showed almost no difference between the 

Fig. 10. Qualitative analysis of nanoparticle sedimentation in the nanofluids over 5 h for the concentration of 0.1%. In all images, the conventional nanofluid made 
from iron nanoparticles added to base fluid DI-Water is on the left, and the nanofluid made from iron nanoparticles and algae extract is on the right.

Fig. 11. Variation of thermal conductivity in the nanofluid as a function of 
nanoparticle percentage.

Table 7 
Comparison between experimentally measured results and theoretical models.

Concentration 
(%wt)

Measured 
(W/mK)

Maxwell 
model (W/ 
mK)

Relative 
error 
(%)

H&C 
model 
(W/mK)

Relative 
error (%)

0.05 0.5980 0.6117 2.30 0.611 2.19
0.10 0.6410 0.6126 − 4.42 0.6113 − 4.62
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fluids and a good agreement with the theory results, especially at low 
volumetric flow rates. At the biggest volumetric flow rate tested, the 
error was around 10 %.

The proximity between the simulated values for water and nanofluid 
may be associated with the properties of the liquids. For pressure drop, 
viscosity is the main parameter influencing this behavior. Viscosity af
fects flow resistance and, consequently, pressure loss. Although the 
studied nanofluid has a slightly higher viscosity than water, about 5 %, 
in our case, the obtained difference may not have been sufficient to 
cause a significant variation in pressure drop, a value also proven by the 
theoretical model.

3.7. Heat transfer characteristics

3.7.1. Thermographic results
The thermographic image observations help understand how 

different fluids affect surface temperature distribution in the serpentine 
system. The thermal camera obtained the temperature gradients, with 
the flow direction going from right to left, as shown in Fig. 13. The 
serpentine channel, through which the fluid flows, is in the center, and 
the top and bottom edges represent the sides of the PDMS serpentine. As 
the flow rate increases, temperatures decrease for both cases, indicating 
that the fluid is cooling more rapidly.

Fig. 14 compares the surface temperature gradients of the images 
obtained experimentally by the thermographic camera with the simu
lation results. If the experimental images between DI-Water and the 

green nanofluid, Fig. 14a and 14c, respectively, are compared, the green 
nanofluid maintains a more homogeneous temperature, which is posi
tive. This suggests a better heat distribution compared to DI-Water. The 
superior thermal properties of the nanofluid allow for more efficient 
heat exchange. The nanoparticles improve convection in the fluid and 
seem to suggest the same in conduction in PDMS. This result is evident 
when comparing images of both fluids at a flow rate of 5 ml/min. In the 
images, it is observed that, for DI-Water flow (Fig. 14a), there are re
gions of the heat exchanger with temperature gradients close to the 
initial test’s values, around 39 ◦C, while for the nanofluid flow, the 
gradients are much milder (Fig. 14c).

For the temperature gradients obtained through numerical simula
tion, as shown in Fig. 14b and 14d, the temperature distributions are 
smoother than those obtained experimentally. Although the tempera
tures at the sides of the heat exchanger are lower than the thermal 
camera images (Fig. 14a and 14b), the effect is more pronounced when 
DI-Water flow is used. In the case of the green nanofluid, the match is 
closer for the surface temperature profile, as illustrated in Fig. 14c and 
14d.

In the numerical simulation, heat is uniformly transmitted to the 
electric heater steel stainless sheet, while experimentally, this condition 
cannot be guaranteed due to potential thermal losses to the surround
ings. Assuming this condition, the green nanofluid, with higher thermal 
conductivity than the base fluid, has a greater capacity to exchange heat 
with the heated surface. This effect is responsible for the closer align
ment between the observed gradients and those simulated.

3.8. Thermal performance results

The difference between the inlet and outlet temperatures of the fluids 
flowing through the PDMS heat sink is shown in Fig. 15. The graph 
presents the experimental results compared to those obtained from nu
merical simulation.

Regarding the experimental data, the largest temperature difference 
occurs for the green nanofluid, indicating that the amount of energy 
absorbed by it is greater than that absorbed by DI water. Another sig
nificant result was observed at a 5 ml/min flow rate. In this case, it is 
noted that the amount of heat absorbed by the nanofluid is higher than 
the flow rates of 10 and 15 ml/min. These results demonstrate that the 
amount of liquid pumped through the serpentine channel impacts the 
thermal capacity of the heat exchanger. An identical behavior, derived 
from experimental tests, was also observed for nanofluids flowing in 
microchannels, as reported in [32,46].

Regarding the results obtained from the simulations, there was 
virtually no variation between them, a behavior similar to that observed 
for pressure drop, as shown in Fig. 12. In this specific case, this is likely 
due to the limitations of finite volume methods in evaluating phenom
ena in nanofluid heat transfer, such as Brownian motion, nanoparticle 
shapes, and distribution, among others, as also observed by other re
searchers [47].

4. Conclusions

The present study addressed the synthesis process of magnetic iron 
oxide nanoparticles using Chlorella vulgaris extract. The results demon
strated that, even at low concentrations, using green-synthesized mag
netic nanofluids (GMNFs) did not significantly compromise the fluid’s 
viscosity, enhancing thermal conductivity and improving flow charac
teristics. This demonstrates the considerable potential of GMNFs for 
thermal applications requiring heat transfer, both in single-phase sys
tems and, potentially, in two-phase systems.

Based on the analyses carried out in this work, some important 
conclusions can be drawn: 

• The UV–Vis spectroscopy analysis indicated that the synthesis of 
Fe3O4 NPs revealed the presence of algal biomolecules, such as 
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Fig. 12. Comparison of theoretical correlation vs. simulation for pressure drop 
as a function of volumetric flow rate.

Fig. 13. Observable serpentine area by the thermography camera.
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polysaccharides, on the nanoparticle surface. These biomolecules act 
as hydrophilic capping agents, contributing to the nanoparticles’ 
stability, safety, and biodegradability;

• The incorporation of a green-synthesized magnetic nanofluid re
duces the contact angle on glass and PDMS surfaces, enhancing 
wettability, which could lead to enhanced heat transfer;

• The results show an increase in the nanofluid viscosity, averaging 
about 5 %, with more significant sedimentation at 0.1 wt%. Similar 
viscosity increase levels were also verified in [14];

• The qualitative sedimentation analysis showed that the green 
nanofluid, derived from algae extract, exhibits lower sedimentation 

level and nanoparticle adhesion over time compared to the classic 
Fe3O4 nanofluid.

• For the nanofluid with a concentration of 0.1 wt%, the experimental 
results were approximately 4.5 % higher than the numerical ones 
and about 6.4 % higher than the base fluid experimental results. The 
deviation percentage levels between the experimental and numerical 
results were also verified in other published studies, for instance, in 
[15];

• The results obtained by the theoretical model show that the green 
nanofluid presents slightly higher pressure drops compared to DI- 

5 mL/min 10 mL/min 15 mL/min

(a) DI-Water experimental

(b) DI-Water simulated

(c) Green nanofluid experimental

(d) Green nanofluid simulated

Fig. 14. Surface temperature gradients obtained experimentally by the thermal camera vs. numerical simulation. (a) surface temperature from DI-Water flow ob
tained experimentally by thermographic camera, (b) surface temperature from DI-Water flow obtained by numerical simulation, (c) surface temperature from green 
nanofluid flow obtained experimentally by thermographic camera, (d) surface temperature green nanofluid flow obtained by numerical simulation. (For interpre
tation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Water (around 5 %), minimally impacting the pressure loss of the 
nanofluid;

• The simulated pressure drop results for the base fluid and the 
nanofluid did not show significant differences. This is likely due to 
the minor difference between the properties of the two used fluids, as 
the simulation results did not account for factors such as nanoparticle 
distribution, Brownian motion, size, or shape;

• Experimentally, as the flow rate increases, the temperatures 
decrease, indicating an effective cooling; the green nanofluid main
tains a more uniform temperature distribution than DI-Water, 
enhancing the heat exchange efficiency;

• For the numerical simulation, the temperature distributions are 
smoother than those obtained experimentally with the thermal 
camera in both cases;

• The experimental findings confirmed that the largest inlet/outlet 
temperature difference occurs with the green nanofluid, indicating 
greater energy absorption compared to DI- Water.
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