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ABSTRACT: Recently, using volumetric receivers as a novel idea to collect solar energy was considered. Solar radiation volumetrically
absorbers with a heat transfer fluid which flows through a transparent tube. Nanofluids as working fluids were proposed by different
researchers because of their interesting absorption coefficient as well as an important heat transfer coefficient. However, conditions such
as the severe temperature gradient in absorber tubes and high temperature of working heat transfer fluid, deteriorate stability of the
nanofluids. Considering the kinetic energy of nanoparticles, DLVO potential energy and steric repulsion between nanoparticles, a
molecular approach is adopted to investigate the nanofluid stability for different nanofluids with polymeric surfactants and different
operational conditions. Two types of polymeric surfactants were considered and stability diagrams introduced to show the conditions for
which a nanofluid would be stable. In the case of using PAA for a given temperature gradient, increasing the working fluid temperature
required smaller nanoparticle diameters to result in a stable nanofluid (nanoparticles up to 13.2 nm diameter) and for PMAA, a stable
nanofluid can be achieved with larger nanoparticle diameters (about 80nm) while increasing the working fluid temperature.
KEYWORDS: dispersion stability; DLVO; nanofluid; polymeric surfactant; volumetric receiver

INTRODUCTION
The growing need for energy resources and reduction of
conventional fossil energy sources on the one hand, and
environmental hazards resulting from the use of such
sources on the other hand, have made the undeniable
importance of using renewable energy obvious. In the
meantime, it seems that utilizing solar energy is among the
promising resources that are applicable to both small and
large scales. Due to the low energy density of the Sun at the
ground level, concentrating solar collectors are important
parts in solar power plants that convert solar energy into
electrical energy. In these collectors, solar radiation from
reflected surfaces is focused on the outer surface of a
tubular receiver that generates significant heating energy.
The latter contains heat transfer fluid flowing through the
tubular receiver and its temperature increases. Improving
the optical properties of the absorbent surfaces exposed to
the concentrated sun's rays are among the most important
results in recent decades, which resulted in solar selective
surfaces. These surfaces have both a high absorption
coefficient and low emissivity [2]. High absorption
coefficient causes more absorption of energy while the
effective area of heat transfer in this kind of surfaces is
limited. Hence, the latter limits the rate of heat transfer to
the working fluid and consequently the absorbent surface
temperature significantly increases thereby drastically
augmenting the heat losses through emission.
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In 1970 it was found that a large temperature difference
between absorbent wall and heat transfer fluid exists and the
idea of using volumetric receivers containing small
particles was proposed by Abdelrahman [3] and Hunt [1]
for the first time. Abdelrahman showed that temperature
difference between the small particles and the heat transfer
fluid, due to the high surface to volume ratio of the particles,
is not significant and can be ignored. In 1978, Drotning et
al [4] conducted an experimental investigation on molten
salts containing oxide particles to obtain their optical
properties. Kumar & Tien [5] investigated molten salt flow
containing small particles as volumetric receivers. Later,
Lenert [2] and Lenert et al. [6] conducted numerical and
experimental research to investigate the efficiency of
volumetric receivers containing nanofluids. Their work
provides visions as to how nanofluids can be best utilized
as volumetric receivers such as in high concentration solar
thermal energy conversion systems. Tyagi et al [7]
theoretically studied the effect of using nanofluid in a direct
absorption solar collector. They showed that the absorption
of incident radiation is augmented more than nine times
over that of pure water by using nanofluid. The optical
properties and the feasibility of applying nanofluids in solar
collectors have been studied by [8-12]. Qunzhi Zhu et al.
[13] who investigated the radiative properties of nanofluids
for absorption of solar radiation. Recently, solar energy
absorption by the volumetric receiver systems containing
nanofluids was studied by Khullar et al [14] In all these
studies researchers believe that using volumetric receiver
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Nomenclature
C
Cp
D
h
hx
K
l
L
m
MAPE
n
Nu
P
Pr
PC
PID

PVC polyvinyl chloride
Q nanofluid flow rate, (l/min)
Re Reynolds number
T temperature, (°C)
V variance
Y value of results
𝑌̅ average value of results
Greek Letters

concentration (vol.%)
speciﬁc heat at constant pressure (J/kg.K)
diameter (mm)
heat transfer coeﬃcient (W/m2.K)
local heat transfer coeﬃcient (W/m2.K)
thermal conductivity
liter
level
number of experiments
mean absolute percentage error
number of repetitions
Nusselt number
percent of contribution
Prandtl number
personal computer
proportional–integral–derivative

μ

viscosity (mPa.s)

ρ

density (kg/m3)
Subscripts
bf base fluid
Er error
F factor
nf nanofluid
P particle

systems instead of surface absorption systems can increase
the efficiency of solar collectors.
However, there are many serious problems that must first be
overcome prior to any application of nanofluids. Among
them are the aggregation and sedimentation of nanoparticles’
as well as the physicochemical stability of nanofluids being
the most important issues that must be well addressed prior
to any application. Sedimentation of nanoparticles causes
severe problems on the hydrothermal behaviors of a process.
However, various methods have been proposed for
stabilization of nanofluid such as applying ultrasonic waves
for breaking nanoparticle aggregates, coating nanoparticles
with polymeric surfactants to prevent aggregation, external
force field employment on nanofluid as well as changing of
electrostatic properties of nanoparticles’ surfaces by
variation of PH. Although, some of these methods are
effective on the stabilization of nanofluids to some extent,
none of them can perfectly solve the problem of nanofluid
stability. It is well known that the interparticle forces in
nanofluids play an important role in nanofluid stability. In
2016, Behzadmehr et al. [15] proposed stability diagrams for
nanofluid at different thermophysical conditions without any
surfactants. They studied a molecular dynamic approach by
considering different forces to establish stable nanofluid
conditions. In 2019, Zareei et al.[16] investigated the
colloidal behavior of nanoparticles in Al2o3-water nanoﬂuid
where they studied the inﬂuence of pH, surfactants and ionic
strength. They concluded that the best nanoﬂuid stability
occurred at pH 4 with anionic surfactants. Cacua et al.[17]
investigated the stability of Al2o3-water nanoﬂuid. They
studied the effect of CTAB and SDBS surfactants
concentration on the zeta potential at different pH values and
showed that SDBS at critical micelle concentration (0.064
wt.%) had the best dispersion stability. Ouikhalfan et al.[18]
investigated the stability of TiO2-water nanofluid by two
kinds of surfactants: CTAB and SDS. They presented that
modified TiO2-water nanofluid with a volume fraction of
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1.25% remains stable up to two weeks. Kaggwa et al.[19]
investigated the effect of surfactants on the stability of
nanofluids that can be used as working fluid in heat transfer
systems. Their results revealed that C-water and CuO-water
nanofluids with the Arabinogalactan (ARB) surfactant
would be stable for more than 20 days compared to CTAB,
SDS and SDBS surfactants. Zhai et al.[20] studied the
stability of Al2O3-ethylene glycol nanoﬂuid with PVP and
SDS surfactants. Their results showed that nanoﬂuids with
PVP surfactant had the highest stability due to polymeric
chain interactions.
In 2020, sharaf et al. [21] studied the Colloidal and
Chemical Stability of Solar Nanofluids. They introduced
some recommendations regarding current knowledge gaps in
order to overcome the stability limitations hindering the
deployment of solar nanofluids in practical solar
applications. Razavi et al. [22] conducted an Experimental
investigation on the stability and thermophysical properties
of some water based nanofluids. They studied the effect of
adding three different surfactants on the sedimentation of
nanoparticles and showed that Surfactants of SDS, SDBS,
and HCTAB with the surfactant content ratios of 1–10 had
the best performance in the stability improvement of the
nanofluids. Mukesh Kumar et al. [23] investigated Stability
of hybrid/water nanofluids. They studied the Al2O3–
Sio2/water nanofluid and showed that 0.6 wt% nanofluids
has good stability. As mentioned, these researchers have
tried to prepare a homogenous and stable nanofluid to be
used as a working fluid. Their attempts on nanofluid
stabilization were limited to amplifying the zeta potential
layer around the nanoparticles. Furthermore, in some cases
experimental works were carried out on breaking aggregated
particles down to smaller ones.
In the author’s knowledge, there had not been any attempt
made to show and to present the conditions for which a
nanofluid would be stable and the nanoparticle aggregation
does not occur throughout the process cycle.

Chall. Nano Micro Scale Sci. Tech., 9(2), 109-116, Summer and Autumn 2021

Thus, it is very important to have a new idea and a good
understanding of nanofluid dispersion stability. The
objective of this study is to propose stability diagrams for
nanofluid wherein polymeric surfactants were used in the
nanofluid at different thermophysical conditions. A
molecular dynamic approach is proposed through
consideration of different forces to represent conditions
wherein such selected nanofluid would be stable through
investigation. Hence, an energy approach is was
implemented to study the dispersion stability of nanofluid at
different thermophysical conditions. Then the stability
diagram for alumina-water nanofluid at different conditions
are was generated based on the nanofluid characteristics such
as nanoparticle diameter, types of polymeric surfactants,
fluid temperature and flow field temperature gradient.

Other forces are hydrodynamic forces acting on each particle
individually. These forces can be defined mathematically as
follows:

Drag force
The recommended correlation for drag force, is given by (26)
𝐹𝐷 =

18𝜇
2
𝜌𝑃 𝑑𝑃

×

𝐶𝐷 𝑅𝑒
24

× (𝑉1 − 𝑉2 ) × 𝑚𝑃

(2)

Here Vp is the particle velocity, V1 the fluid velocity, mp
nanoparticle mass, cD the drag coefficient, ρp the density of
nanoparticle, μ the dynamic viscosity of base fluid, and dp
the particle diameter. Re is the relative Reynolds number,
given by:

FORCES ON THE NANOPARTICLES
Dispersed nanoparticles in a base fluid are affected by
different forces. These forces have a particular range of
effectiveness and some limitations to act. In addition, the
forces between nanoparticles can be attractive or repulsive
and may also be short-range or long-range forces (24). These
forces are drag, thermophoresis, Brownian, van der Waals
and electrical double layer forces. Van der Waals and
electrical double layer forces are interparticle forces and the
combination of them was introduced as DLVO theory (25).
Figure 1 shows schematically DLVO potential energy
between two particles.

𝑅𝑒 =

(3)

𝜌𝑑𝑝 |𝑉𝑝 −𝑉1 |
𝜇

There are various models of the drag coefficient CD for
nanoparticles. Among them Stoke’s law seems to be
appropriate (27):
𝐹𝐷 =

18𝜇
2𝐶
𝜌𝑃 𝑑𝑃
𝑐

(4)

× (𝑉1 − 𝑉2 ) × 𝑚𝑃

Where CC is the Cunningham correction factor for Stoke’s
drag force, is given by
𝐶𝑐 = 1 +

2𝜆
𝑑𝑃

(1.257 + 0.4𝑒 −(

1.1𝑑𝑃
)
2𝜆

)

(5)

λ is the molecular mean free path.

Brownian force
Recommended correlation for Brownian force, is given
by: (28)
𝜋𝑠0

𝐹𝐵 = 𝑚𝑃 × 𝜁√
Fig.1. DLVO potential energy between nanoparticles

𝐴𝑑𝑃

(1)

24(𝐿−𝑥(𝑡))

Where 𝑘 is the inverse of Debye length (𝑘 = 3.29 ×
√[c](nm−1 )), [c] is the molar concentration of monovalent
electrolyte and 𝜀0 is the permittivity of free space (𝜀0 =
8.854 × 10

2
−12 𝑐
𝐽
𝑚

, 𝑠0 =

216𝜐𝑘𝐵 𝑇
𝜌 2
𝜋2 𝜌𝑑𝑃 ( 𝑃 ) 𝐶𝑐

(6)

𝜌

Recommended correlation for DLVO potential energy is
given by (26)
𝐸𝐷𝐿𝑉𝑂 = 𝜋𝜀𝜀0 𝑑𝑝 𝜓02 𝑒 −𝑘(𝐿−𝑥(𝑡)) −

∆𝑡

).
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Where ζ is a Gaussian random number between zero and one.
For simplicity ζ = 0.5 is considered. The Brownian force
arises as a result of the collisions of molecules with the
particles and acts in a time corresponding to the time of
contact during a collision (∼ picoseconds). Thus, for such a
time interval, drag force is considered constant and Stoke’s
correlation is acceptable. (28)

Thermophoresis force
Nanoparticles suspended in a base fluid with a
temperature gradient experience a force in the direction
opposite to that of the temperature gradient. This
phenomenon is known as thermophoresis.
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Historically, there had been three theoretical approaches in
thermophoresis studies that correspond to the Knudsen
number range including the free molecule regime, near
continuum regime and transition regime. However, the
corresponding equations are derived for the suspension of
solid particles in ideal gases.
A modification may be necessary to use them for solid–
liquid suspensions (nanofluids) (29). As it is known, water
molecules are linked to with each other by hydrogen bonds
which have a length of three Angstroms at maximum and an
average length of about 1.9 Angstroms.
Hence, the free molecule length for water molecules is of
order 10−11 (m). On the other hand, the characteristic length
of a water molecule (diameter of a water molecule) is about
two Angstroms and then the Knudsen number is:

Fig. 2. Different types of collision between two polymer-coated
particles

A) In the case of a perfectly elastic collision, the polymer
layer may undergo some compression and the polymer
chains do not overlap each other. This case has a low
probability.
B) In this more common case of collision, the polymers
chains may overlap with each other and the density of
10−11
(7)
the polymer layer increases in the overlapping region.
𝑘𝑛 = 𝜆/𝑎 → 𝑘𝑛 =
≅ 0.05
−10
2×10
These are schematically illustrated in Fig.2. In both
cases, due to an increase in the density of the polymer
Where a is the characteristic length of a water molecule
layer between the two particles, osmotic pressure
and λ is the molecular mean free path. Since the Knudsen
difference will emerge which causes the creation of a
number is very small (k n ≪ 1) and the contents are liquid
force between the two particles.
instead of gas, a correlation corresponding to the near
C)
In
this
more common case of collision, the polymers chains
continuum regime for liquid nanofluid could be used. This in
may
overlap
with each other and the density of the polymer
non-dimensional form is: (29)
layer increases in the overlapping region. These are
schematically illustrated in Fig.2. In both cases, due to an
24𝜋
𝑐𝑡𝑐 𝑘𝑛 (𝑘21 +𝑐𝑡 𝑘𝑛 )
(8)
𝐹𝑇 =
×
increase in the density of the polymer layer between the two
5
(1+3𝑐𝑚 𝑘𝑛 )(1+2𝑘21 +2𝑐𝑡 𝑘𝑛 )
particles, osmotic pressure difference will emerge which
causes the creation of a force between the two particles.
Where k 21 , is given by:
In the first case (case A), besides a driving force due to the
difference in osmotic pressure, an elastic force will emerged
(9)
𝑘21 = 𝑘𝑓 /𝑘𝑝
that will separate the particles from each other (30).
However, when the particles are sufficiently close to each
However, the dimensional form of this correlation i:s (26)
other, the elastic force appears for the second case (case B).
In a real situation a combination of both A and B cases may
6𝜋𝜇 2 𝑑𝑝 𝑐𝑠 (𝑘𝑟 +𝑐𝑡 𝑘𝑛 )
1
𝜕𝑇
(10)
occur. Hence, can be concluded that the local monomeric
𝐹𝑇 =
× ×
𝜌(1+3𝑐𝑚 𝑘𝑛 )(1+2𝑘𝑟 +2𝑐𝑡 𝑘𝑛 )
𝑇
𝜕𝑥
density increases in the collision area and this leads to the
formation of a powerful force. This force is formed due to an
Where 𝑘𝑟 = 𝑘𝑓 /𝑘𝑝 , 𝑐𝑠 = 1.17 , 𝑐𝑚 = 1.14 , and 𝑐𝑡 =
increase in the osmotic pressure of the collision area which
can be a repulsive or attractive force depending on the
2.18 .
amount of the Flory-Huggins number (χ).

THE COLLISION ANALYSIS OF COVERED
PARTICLES WITH A POLYMER
Regarding the polymer-coated nanoparticles, it was found
that the density of the polymer is a specific amount around a
particle. While two polymer-coated particles collide with
each other, the density will increase and cause a steric force.
It can be generally said that there are two types of collisions
for polymer-coated particles.
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MATHEMATICAL FORMULATION
It is assumed that all particles are completely coated with
the polymers and the radius of the polymer layer around a
nanoparticle is equal to Ls (see Fig.3).
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two particles can be calculated only from the equation of the
DLVO potential energy (30).
𝐸𝑡 = 𝐸𝐷𝐿𝑉𝑂 = 𝜋𝜀𝜀0 𝑑𝑝 𝜓02 𝑒 −𝑘(𝐿−𝑥) −

(12)

For the time it takes from the beginning of the polymer
layers overlap to contact between the polymer layers and the
particle’s surface (𝑡𝑠1 < 𝑡 < 𝑡𝑠2 ), the potential energy
between the two particles is equal to the total DLVO
potential energy and the resulted energy from the polymer
layers’ interaction (30).

Fig. 3. Schematic of polymer layer around nano particle

In this case, the radius of the polymer around the
nanoparticle obtained from the following equation (30):

16𝜋𝑑𝑃 𝑘𝐵 𝑇 𝑉𝑡2 1

𝐸𝑚𝑖𝑥 =
𝐿𝑠 (𝑛𝑚) = 0.06 (𝑀𝑤 )0.5

𝐴𝑑𝑝
24(𝐿−𝑥)

𝑆𝑉

(11)

Where Mw is the molecular weight of the polymer.
Considering particles 1 and 2 in Fig. 4, DLVO force will not
count for particle 2 in respect to the other forces acting on
this particle, the velocity distribution of the particle exists at
different points. Using the velocity distribution, its kinetic
energy can be calculated at different locations.
The kinetic energy is as a result of the exerted forces on the
particle (except that steric force and DLVO) which is
transferred to the particle.
On the other hand, the potential energy between two particles
is available in respect of the existing relations. Now, it can
be checked whether the transferred kinetic energy to the
particle can overcome the potential energy barrier of the
steric and DLVO or not.
In this regard, the parameters will be changed for
different values to see how the kinetic energy of the particle
will prevail on the total energy of the steric and DLVO. The
analysis is named as the “two particles method”:

𝐿4𝑠

( − 𝑥) (𝐿𝑠 −

𝐿−𝑥 6

2

2

)

(13)

𝐸𝑡 = 𝐸𝐷𝐿𝑉𝑂 + 𝐸𝑚𝑖𝑥 = 𝜋𝜀𝜀0 𝑑𝑝 𝜓02 𝑒 −𝑘(𝐿−𝑥) −
𝐴𝑑𝑝
24(𝐿−𝑥)

+

16𝜋𝑑𝑃 𝑘𝐵 𝑇 𝑉𝑡2 1

4 ( − 𝑥) (𝐿𝑠 −

𝑆𝑉

𝐿𝑠

(14)

𝐿−𝑥 6

2

2

)

Where, Vf represents the mean-volume-fraction of
monomers in the polymer layer around a nanoparticle, v is
the molecular volume of the base fluid and χ is the FloryHuggins number.
Finally, for the time it takes from the contact of the polymer
layer to completely agglomerate the particles together (ts2
<t), the equation of the potential energy between the particles
is as follow (30):
2𝜋𝑑𝑃 𝑘𝐵 𝑇

𝐸𝑚𝑖𝑥 =

𝐸𝑒𝑙 =

𝑉

1

𝐿−𝑥

2

2𝐿𝑠

𝑉𝑓2 ( − 𝑥) (

𝜋𝑑𝑃 𝑘𝐵 𝑇𝐿2𝑠 𝜌𝑃𝑜𝑙𝑦
𝑀𝑤

1

𝐿−𝑥

4

𝐿𝑠

− − ln

)

(15)

𝐿−𝑥 2

𝐿−𝑥
𝐿−𝑥
𝑉𝑓2 {
ln [
(
𝐿
𝐿
𝑠

𝑠

3− 𝐿
𝑠
2

) ]−
(16)

𝐿−𝑥

3− 𝐿
𝑠
6 ln (
2

) + 3 (1 −

𝐿−𝑥
𝐿𝑠

)}

𝐸𝑡 = 𝐸𝐷𝐿𝑉𝑂 + 𝐸𝑚𝑖𝑥 + 𝐸𝑒𝑙 =
𝐴𝑑𝑝
2𝜋𝑑𝑃 𝑘𝐵 𝑇 2 1
𝜋𝜀𝜀0 𝑑𝑝 𝜓02 𝑒 −𝑘(𝐿−𝑥) −
+
𝑉𝑓 ( −
24(𝐿−𝑥)

𝑥) (
Fig. 4. Different regions in the collision path of polymer-coated
particles

𝐿−𝑥

1

𝐿−𝑥

4

𝐿𝑠

− − ln

2𝐿𝑠

𝜋𝑑𝑃 𝑘𝐵 𝑇𝐿2𝑠 𝜌𝑃𝑜𝑙𝑦
𝑀𝑤

In Fig.4, ts1 is the elapsed time of particle 1 to reach where
particle 2 has a distance equal to 2Ls (the extent of the
polymer layers overlaps around nanoparticles). ts2 represents
the time of particle 1 reaching a position in which particle 2
has a distance equal to Ls (the collision moment of the
polymer layer around particle 1 to the surface of the particle
2).
It can be said that as long as the polymer layer interaction
has not been formed (t <ts1), the potential energy between the
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𝑉

)+
𝐿−𝑥 2

𝐿−𝑥
𝐿−𝑥 3− 𝐿𝑠
𝑉𝑓2 {
ln [
(
𝐿𝑠
𝐿𝑠
2

2

(17)

) ]−

𝐿−𝑥

6 ln (

3− 𝐿
𝑠
2

) + 3 (1 −

𝐿−𝑥
𝐿𝑠

)}

Where, Eel represents the energy of an elastic collision of the
polymer layer with the particle’s surface, 𝜌𝑝𝑜𝑙𝑦 is the
polymer density and Mw is the molecular weight of the
polymer.
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Now, using Newton’s second law for a particle motion,
and considering equations (4, 6 and 10), the velocity and
displacement of the particle can be determined by the
following equations respectively (in equations, fluid is static
and V1=0):
𝑉𝑝 (𝑡) = (𝑢0 −
𝑥(𝑡) = (𝑢0 −
𝐴1 +𝐵
𝐶2

𝐴1 +𝐵
𝐶

𝐴1 +𝐵
𝐶

) 𝑒 −𝐶𝑡 +

) ×

−𝑒 −𝐶𝑡
𝐶

𝐴1 +𝐵

temperature, smaller nanoparticles are needed to have a
stable nanofluid.

(18)

𝐶

+

𝐴1 +𝐵
𝐶

×𝑡+(

𝑢0
𝐶

−

(19)

)

Where:
𝐴1 =

1
mp

𝐵 = 𝜁√
𝐶=

×

6 πμ2 dp c𝑠 ( kr + ct kn )
ρ(1+3 cm kn ) (1+2 kr + 2ct kn )

1

∂T

T

∂x

× ×

𝜋𝑠0

Fig. 5. stability diagram of Al2O3-water nanofluid without surfactant

∆𝑡

18μ
ρp dp 2 cc

The initial velocity of the nanoparticles, u0, is calculated by
(31):
𝑢0 = √

It is shown that without using surfactant very fine
nanoparticles are required (smaller than 4nm) to be sure of
the Physico-chemical stability of the nanofluid at different
thermo-fluid conditions.

(20)

3𝑘𝐵 𝑇
𝑚𝑃

The kinetic energy of the particle and its total potential
energy are determined in a very small-time interval. Then a
comparison between them is performed.
1

Kinetic energy = 𝐾 = 𝑚𝑝 𝑉𝑝 (𝑡)2 =
1
2

𝑚𝑝 ((𝑢0 −

𝐴1 +𝐵
𝐶

2

) 𝑒 −𝐶𝑡 +

𝐴1 +𝐵 2
)
𝐶

(21)

If the magnitude of Et is larger than the kinetic energy of
the particle in a specific time, it could be said that the
nanofluid is stable in such a condition. With changing the
thermo-fluid conditions, the stability could also change and
then a “stability diagram” could be obtained.

RESULTS AND DISCUSSION
The results here are based on the force analysis presented
earlier. The stability diagram of the water-alumina oxide
nanofluid is presented in different temperature gradients and
working fluid temperatures for various nanoparticle
diameters. The PAA1 and PMAA2 surfactants are considered
as surfactant of the stability of the nanofluid.
The stability diagram for alumina-water nanofluid with
volume fraction of 0.01, PH=7, while no surfactant is added,
is represented in Fig.5. As can be seen, increasing the
temperature gradient as well as the working fluid

1

Poly acrylic acid
methacrylic acid

2 Poly
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Fig. 6. stability diagram of Al2O3-water nanofluid with PMAA
surfactant

To show the effect of using a PMAA surfactant on the
stability diagram of Al2O3-water nanofluid, Fig. 6 is
presented. As shown, using the PMAA polymer causes
achievement of the stability conditions for larger
nanoparticle with a mean diameter of i.e., 85nm (compared
to no surfactant nanofluid). It is interesting to note that the
stability zone expanded to the higher nanoparticle mean
diameter through increasing the working fluid temperature.
Through increasing the temperature, the PMAA solubility
increases and therefore polymer chains expand, increasing
the range of the steric force and consequently, the potential
energy among the particles is strengthened.
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So that’s across specific temperature, increase of the steric
energy reinforces the potential energy between the particles
and causes the kinetic energy of particles unable to overcome
it, stabilizing the nano-fluid. However, by increasing the
temperature gradient in the nanofluid, the kinetic energy of
the particle increases due to the creation and strengthening
of the thermophoresis force; therefore, the unstable area
becomes larger and smaller nanoparticles are required to
have a stable nanofluid.
To see the effect of another surfactant (PAA) in the
nanofluid stability, Fig. 7 is presented. As seen, using a PAA
polymer, variations compared to using PMAA is obvious.
For a given temperature gradient, increasing the working
fluid temperature required smaller nanoparticles diameters
for a stable nanofluid. This is because of the solubility
reduction of the polymer due to the extremely low solubility
of the base fluid at low temperatures.

CONCLUSION
Based on a molecular dynamic approach, stability
diagrams of AL2O3-water nanofluid are presented. Forces,
including attractive and repulsive forces such as drag,
thermophoresis, Brownian, van der Waals and electrical
double layer forces were considered. Additionally, the steric
repulsion arising from using a surfactant for stabilizing the
nanofluid, is taken into account. For different nanoparticle
mean diameters, working fluid temperature and temperature
gradient, the stability diagram of nanofluid is introduced.
Two different surfactants including PMAA and PAA were
considered. Because of the different effects of these
surfactants the results are different. It is shown that using a
PMAA surfactant establishes a stable nanofluid with a large
nanoparticle diameter (about 80nm) compared to nanofluid
without a surfactant. However, the effect of PAA in this
regard is less important. In the case of using PAA for a given
temperature gradient, increasing the working fluid
temperature required smaller nanoparticle diameters to result
in a stable nanofluid.
In the case of PMAA for a given temperature gradient, a
stable nanofluid can be achieved with larger nanoparticle
diameters while increasing the working fluid temperature.
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