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Agglomeration strongly influences the stability or shelf life of nanofluid. The present computational

and experimental study investigates the rate of agglomeration quantitatively. Agglomeration in

nanofluids is attributed to the net effect of various inter-particle interaction forces. For the nanofluid

considered here, a net inter-particle force depends on the particle size, volume fraction, pH, and elec-

trolyte concentration. A solution of the discretized and coupled population balance equations can

yield particle sizes as a function of time. Nanofluid prepared here consists of alumina nanoparticles

with the average particle size of 150 nm dispersed in de-ionized water. As the pH of the colloid was

moved towards the isoelectric point of alumina nanofluids, the rate of increase of average particle

size increased with time due to lower net positive charge on particles. The rate at which the average

particle size is increased is predicted and measured for different electrolyte concentration and vol-

ume fraction. The higher rate of agglomeration is attributed to the decrease in the electrostatic dou-

ble layer repulsion forces. The rate of agglomeration decreases due to increase in the size of nano-

particle clusters thus approaching zero rate of agglomeration when all the clusters are nearly uniform

in size. Predicted rates of agglomeration agree adequate enough with the measured values; validating

the mathematical model and numerical approach is employed. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913874]

I. INTRODUCTION

Colloid science has seen substantial progress since its

early days in the 1860s. Many factors go into establishing a

stable colloidal dispersion, as solid colloids tend to agglom-

erate at favorable conditions and can settle when particle

density is larger than that of the medium. One application of

solid colloids is in thermal fluids, since it has been reported

that dispersions of solid nanoparticles in heat transfer fluids

could enhance their thermal properties. Clogging and settling

have been reported in colloids containing micron size par-

ticles. This has in turn created some interest into the under-

standing colloidal dispersions with nano-particles.

Owing to their small size and relatively large surface

area, nanoparticles dispersed in the nanofluids have created

considerable interest in recent times for their improved heat

transfer and other properties. Generally, a distribution of

sizes results when nanoparticles are manufactured, and the

average particle size and standard deviation are used to

define the particles. Park et al.1 observed that standard devia-

tion of the particle size distribution (PSD) can be controlled

by controlling the aggregation of particles during production.

Pioneering researchers at Argonne National Laboratory

[Eastman et al.,2 Lee et al.3] started experimenting with

nanofluids to analyze the heat transfer characteristics.

Unfortunately, many nanofluids have been found to be unsta-

ble with settling being visually observed. Such behavior was

attributed to the coagulation or agglomeration and sedimen-

tation of the agglomerates. The present work hopes to shed

some light on the causes for such instability.

Agglomeration is a process in which colloidal particles

mutually interact as part of Brownian motion, and combine

with adjacent ones to form clusters of particles. During the

agglomeration, particles in clusters experience a net attractive

force which depending on the conditions requires greater than

the amount of local energy necessary to bring them apart.

This attractive force is known as Van der Waals force, which

at molecular level is due to the interaction between dipoles on

molecules. According to London theory [London4], the inter-

action energy Vint(R) (Eq. (1)) is inversely proportional to the

sixth power of the separation (R) between molecules.

VintðRÞa
1

R6
: (1)

Summation of all the intermolecular forces between the col-

loidal particles is close to the long-range Van der Waals

interaction (negative force) of the colloid. If there are no

other interparticle forces, then the particles cling together

due to the attractions resulting in cluster formations. As the

particle size increases, the larger particles could settle down.

Agglomeration could be controlled or altered by changing

surface properties of the colloidal particles by introducing

surface charges, and/or by forming polymer layers around

the particles that generate repulsive forces between the par-

ticles and thus keep them apart from forming clusters. Inter-

particle agglomeration is studied in the current work.

Forces and factors affecting agglomeration, and the

effects of agglomeration on rheological and heat transfer

characteristics of nanofluids are analyzed here. Islam et al.5

have reviewed the modified expressions for interaction ener-

gies and stability ratios in colloids by including the hetero-

aggregation effects that affect the interaction between the

particles with different sizes, shapes, surface charge, etc., in
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dispersion medium. Das et al.6 investigated heat transfer

characteristics of non-functionalized alumina nano-particles

at different concentrations at low pH values without stabil-

izers/surfactants. Their sonicated fluid remained stable for

about 6 h, and then the particles settled. With increase in

concentration, the settling increased implying increase in the

agglomeration with concentration. Lo and Tsung7 observed

that agglomeration in CuO nanofluid increased with increase

in time, but no consistent trend in the increase of average

particle size was observed with independent variables such

as temperature. Lee et al.8 studied the influence of the sur-

face charge on particle aggregation in nanofluids by regulat-

ing the particle surface charge with pH. They observed

increase in the surface charge with decrease in pH from the

isoelectric point, which could be due to increase in the con-

centration of potential-determining ions (Hþ). With increase

in the surface charge, they observed increase in the stability

of the nanofluid which was attributed to the increase in the

electrostatic repulsion energy between the nanoparticles.

Thermal conductivity of the nanofluid increased with change

in the pH away from the isoelectric point, and with increase

in the volume fraction. Timofeeva et al.9 observed that

11 nm particles formed larger agglomerates than the 40 nm

particles, and the size of the agglomerated particles increased

with time. They also observed that the thermal conductivity

of the alumina nanofluid increased slightly over time due to

particle agglomeration. Lee et al.10 have prepared alumina

nanofluids without surfactants with ultrasonication up to 20

h, and observed zeta potential to increase with the duration

of ultrasonication, before reaching an asymptote. Yang

et al.11 reported increased agglomeration with time as evi-

denced by the increase in average particle size of the nano-

fluids. It was also observed that agglomeration in nanofluids

has negligible effect on the thermal conductivity, although

both thermal conductivity and viscosity increased with the

volume fraction of nanofluids.

Based on the above described work, it appears that the

size of nanoparticles in nanofluids increases with time due to

agglomeration, which has a strong effect on viscosity and

negligible effect on thermal conductivity of nanofluids. Due

to agglomeration, large clusters of nanoparticles get sedi-

ment over time, thus losing its stability and properties as a

nanofluid. It is evident that more than rheology and heat

transfer characteristics, the stability or shelf-life of nanofluid

could decide the usefulness of the nanofluid. The attractive

or repulsive forces between two similar or dissimilar par-

ticles in a dispersion medium are attributable to the surface

properties of particles. To better understand and control the

agglomeration in nanofluids (with billions of nanoparticles),

the combined effects of the surface interactions of particles

and the effect of particle size distribution with time need to

be analyzed.

The present work is aimed at quantitatively addressing

the effect of agglomeration phenomenon in nanofluids with

time, taking into consideration the interactions between

nanoparticles of different sizes along with the effects of dis-

persion medium. A numerical model of the fluid has been

developed that requires the solution of coupled population

balance equations and obtain the particle size distributions at

different times. The independent variables of interest include

volume fraction, particle size, pH, and electrolyte concentra-

tion and related ion concentrations and zeta potentials. The

numerical model describing the nanofluid has been validated

by comparing the results with experiments with alumina

nanofluids.

II. MATHEMATICAL AND NUMERICAL METHOD

Population balance equations have diverse applications

in many areas involving particulate systems like crystalliza-

tion, aerosol dynamics, colloidal aggregation, etc. The balan-

ces are described using integro-partial differential equations

with a general form for pure aggregation is given by

@n v; tð Þ
@t

¼ 1

2

ðv
0

b v� v0; v0ð Þn v� v0; tð Þn v0; tð Þdv0

� n v; tð Þ
ð1
0

b v; v0ð Þn v0; tð Þdv0: (2)

Here, n(v,t) is the number density of particles per unit vol-

ume of the nanofluid. The first term on right hand side of Eq.

(2) corresponds to the “birth rate” of particulate clusters of

volume/size v due to collisions of smaller particles with sizes

v-v0 and v0, and the second term corresponds to the "death

rate" of particles due to collisions with other particles to

form particulate clusters of size v þ v0. Other phenomena

like nucleation and growth of particles can be included into

the population balance equations by adding corresponding

terms into Eq. (2). The kinetics of the agglomeration is

attributed to the rate kernels b(v-v0,v0) and b(v,v0) in the birth

and death rate terms, respectively.

To solve the coupled population balance equations, the

method of discretization is utilized. Kumar and Ramkrishna12

have proposed a method of discretization in which the par-

ticles are distributed into different interval depending on the

volume/size.

A particle size grid (Figure 1) for nanoparticles is con-

sidered with M intervals that can include all the sizes of par-

ticles in the nanofluids. v1 and vMþ1 correspond to the size of

smallest and largest particles in nanofluid. Representative

size (xi) has been assigned to all the particles in a particular

interval and related to the end volume of each interval as

vi¼ (xiþ xiþ1)/2. The grid can be uniform or geometric type

(xiþ1¼ rxi) with varying coarseness. At a given time, t, the

total number of particles in an interval is represented by

Ni(t), which is obtained from the number density distribution

NiðtÞ ¼
ðviþ1

vi

nðv; tÞdv: (3)

FIG. 1. Particle size grid with M intervals.
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The non-dimensionalized and discretized population

balance equation for the number of particles in ith interval

can be shown to be an ordinary differential equation.

dN�i tð Þ
dt�

¼ Notoð Þ
Xj�k

v� i�x� jþx�k�v� iþ1

1� djk

2

� �
bjkN�j tð ÞN�k tð Þ

8<
:

�N�i tð Þ
XM
k¼1

bikN�k tð Þ
)
:

(4)

N*, x*, v*, t* are the non-dimensionalized number of par-

ticles (N*), representative volume (x*), particle volume (v*),

and time constant (t*), respectively. The number of particles

in each interval is non-dimensionalized by the initial number

of particles No per unit volume of dispersed medium, and the

size of particles is non-dimensionalized by the initial average

size/volume of particles Vo per unit volume of dispersed me-

dium. This implies NoVo would give the volume fraction of

the nanofluid. Here, dij is the Kronecker delta (“1” if j¼ k
and “0” if j 6¼ k) to ensure particles from a size interval are

counted only once. To conserve the volume of nanoparticles

in the nanofluid, Kumar and Ramkrishna12 have proposed

the use of Eq. (5).

dx�i tð Þ
dt�

¼ Notoð Þ 1

N�i tð Þ
Xj�k

v� i�x� jþx�k�v� iþ1

� 1� djk

2

� �
bjk x�j þ x�k � x�i

� �
N�j tð ÞN�k tð Þ:

(5)

In a particular interval of the grid (shown in Figure 1), if

the number density of particles is more towards an end of the

interval, then Eq. (5) adjusts the representative size of each

interval such that the total volume of nanoparticles is

preserved.

The numerical model takes the initial particle size distri-

bution, solves the M coupled system of equations at each time

interval, and marches forward in time to get the particle size

distribution at different times. To get more accurate distribu-

tions, the size of the grid M and geometric width of the inter-

vals are varied iteratively. In this study, grid size of 80 and

geometric width of 1.15 are selected. In Eqs. (2), (4), and (5),

the rate kernel b has different forms depending on the type of

physical applications such as droplet coalescence, dispersions,

polymers, granulation, etc., as consolidated by Rao.13

Smoluchowski14 has derived an expression for the colli-

sion frequency of particles in a dispersion medium based on

Brownian motion, and obtained the Brownian collision rate

bb of two particles with sizes/volumes u, v and radii a1, a2 as

bb ¼ 4p D1 þ D2ð Þ a1 þ a2ð Þ

¼ 2kBT

3g
u�

1
3 þ v�

1
3

� �
u

1
3 þ v

1
3

� �
: (6)

The diffusion coefficients of particles D1 ¼ kBT
6pga1

and D2

¼ kBT
6pga2

are obtained from the Stokes-Einstein equation.

Here, kB is the Boltzmann constant, T is the absolute temper-

ature of particle medium, and g is the viscosity of particle

medium. Not all interactions between particles dispersed

lead to a permanent cluster formation. The stability ratio or

the collision efficiency, W, given by Hunter and White15 is

the ratio of the number of collisions between particles of

radii a1, a2 to the number of collisions that could result in

coagulation between them.

W ¼ 2

ð1
2

Hd

exp
VT

kBT

� �
s2

ds; (7a)

s ¼ 2R

a1 þ a2

: (7b)

VT is the total interaction energy and Hd is the expres-

sion to incorporate the hydrodynamic drag forces between

particles of radii a1 and a2. According to the DLVO theory

named after Deryaguin, Landau, Verwey, and Overbeek

[Derjaguin and Landau,16 and Verwey and Overbeek17], two

particles aggregate after interaction when the net energy in

bringing the two particles to collide is attractive (negative).

Total interaction energy VT is the result of repulsive energy

VR due to electrostatic double layer repulsive forces, and

attractive energy VA due to Van der Waals attractive forces

between the particles.

VA ¼ �
AH

6

2a1a2

R2 � a1 þ a2ð Þ2
þ 2a1a2

R2 � a1 � a2ð Þ2

(

þ ln
R2 � a1 þ a2ð Þ2

R2 � a1 � a2ð Þ2

 !)
: (8)

Here, AH is the effective Hamaker constant [Hamaker18]

between two particles in the medium, and is observed to be

positive for two particles of same material type. Between two

alumina particles, the Hamaker constant AH is 5.7 � 10–20 J.

Electrostatic double layer repulsion energy between the par-

ticles, VR is

VR ¼ �o�r
a1a2

R

� �
½ w1 þ w2ð Þ2ln 1þ e�jHð Þ

þ w1 � w2ð Þ2ln 1� e�jHð Þ�: (9)

Here, w1 and w2 are the potentials on charged nanopar-

ticles and are dependent on the surface charge density of the

particles. R is the center-to-center distance between the inter-

acting particles. Using Debye-H€uckle theory of electrolytes

[Debye and Huckle19], the thickness of the electrostatic dou-

ble layer is expressed as j�1 ¼
ffiffiffiffiffiffiffiffiffiffiffi
�o�rkBT
2NAe2I

q
in m. Here, eo is the

permittivity of free space, er is the relative permittivity of

medium, NA is the Avogadro number, e is the elementary

charge, and I is sum of the concentration of all ions including

the electrolyte ions other than the potential determining ions

in the nanofluid. According to the theory, with increase in

the electrolyte concentration I (mol m�3), the Debye length

decreases which in turn decreases stability of the nanofluid.
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Equation (9) [Sader et al.20] is applicable for all jH, and

is a modified version of Hogg, Healy, and Fuerstenau (HHF)

expression [Hogg et al.21]. As per Debye-H€uckle approxima-

tion theory [Debye and Huckle19], expressions for all the

potential energies are accurate for j�a	 1, where a is the ra-

dius of nanoparticle. For smaller potentials, zeta potential

values can be used as the surface potential of the particles.

Hd in Eq. (7a) is the correction factor to include the hydrody-

namic drag effect on the particles in the medium, and can be

given as,

Hd ¼
6 s� 2ð Þ2 þ 13 s� 2ð Þ þ 2

6 s� 2ð Þ2 þ 4 s� 2ð Þ
; (10a)

s ¼ 2R

a1 þ a2

: (10b)

Using Eqs. (6)–(10a), the rate kernel for agglomeration

b in a dispersion medium is written as

b¼ 1

W
bb

¼ 1

2

ð1
2

Hd

exp
VT

kBT

� �
s2

ds

2kBT

3g
u�

1
3þv�

1
3

� �
u

1
3þv

1
3

� �� �
:

(11)

By substituting this kernel b in the discretized popula-

tion balance Eqs. (4) and (5), the particle size distribution at

different times can be solved by the numerical model for a

given initial particle size distribution of the nanofluid.

To validate the above numerical model, a constant rate

kernel is used to solve the M coupled population balance

equations. The obtained particle size distributions at different

times are compared with the analytical solution for the parti-

cle number density at different times derived by Scott22 for a

constant rate kernel.

n v; 0ð Þ ¼ No

Vo

� �
4v

Vo

� �
e �

2v
Voð Þ; (12)

n v; tð Þ ¼
No

Vo

� � 8e �
2v
Voð Þsinh 2

v

Vo

� �
T

T þ 2ð Þ2

 !( )

T
1
2 T þ 2ð Þ

3
2

; (13a)

T ¼ bNot: (13b)

By considering the initial particle number density distri-

bution as Gaussian-like distribution (Eq. (12)), the number

density of particles at different times is solved analytically

(Eq. (13a)) assuming a constant rate kernel b in Eq. (2). To

compare with the numerical model, initial average radius of

particles is assumed to be 100 nm, and constant rate kernel

as 8kBT/3g, where kB is the Boltzmann constant, T is the

absolute temperature, and g is the viscosity of particle me-

dium. The ensuing particle size distribution at temperature

300 K and viscosity 0.001cp is compared between the model

and analytical solutions at volume fractions of 0.1% (Figure

2(a)) and 0.01% (Figure 2(b)). As shown in Figures 2(a) and

2(b), the number density distribution of particles for different

size intervals and at different times is nearly identical for

both methodologies, thus validating the present numerical

model.

III. EXPERIMENTAL SETUP AND PROCEDURE

Alpha alumina nanoparticles from Inframat Advanced

Materials LLC, USA were used in the current experiments.

The alumina nanoparticles are specified to be spherical in

shape but polydispersed in terms of their sizes with the aver-

age particle diameter of about 150 nm. As these alumina

nanoparticles are not functionalized, there are no repulsive

forces between the alumina nanoparticles in the powder

form, with the potential for forming bigger clusters of nano-

particles. Significant energy was required to disperse the

nanoparticle clusters apart in de-ionized water, e.g., about

5–16 h of continuous ultrasonication was required to break

most of the particles apart. Hydrochloric acid was used to

lower the pH from the isoelectric point (pH¼ 9) to induce

positive charge on the nanoparticles. Additionally, sodium

chloride, electrolyte of the order of milli-moles per liter of

nanofluid, was added to create electrostatic double layer

around particles as mentioned earlier. Various nanofluids

were prepared for the study here, viz., volume fractions of

0.05% and 0.01%, pH values of 3, 3.3, and 4, and electrolyte

concentrations at 10�3 M and 10�4 M. Independent of this,

SiC-water nanofluid samples from Argonne National

Laboratory were also studied as part of this work.

After ultrasonicating a sample was taken and analyzed

immediately using a DLS device, NICOMP 380 submircon

particle sizer, to obtain the initial PSD as well as at other

times. Other light scattering methods to analyze the PSDs

are Rayleigh scattering, Rayleigh-Gans-Debye scattering,

and Mie scattering. DLS technique used here, also known as

quasi-elastic light scattering (QELS) or photon correlation

spectroscopy (PCS), measures the intensity of the light scat-

tered by the particles incident by the light waves from

source. The DLS device has to be calibrated every day it is

used, by analyzing PSD of standard dispersions such as poly-

styrene latex beads. The NICOMP data for each measure-

ment included the average particle size and standard

deviation for both the volume weighted and the number

weighted PSDs. According to the NICOMP submicron parti-

cle sizer instrument manufacturer, a 5% inaccuracy in the av-

erage particle sizes is acceptable. The variations of nanofluid

PSDs due to agglomeration with time were studied by ana-

lyzing the samples from various nanofluids at different time

intervals, viz., 1 day, 2 days, 5 days, and 3 weeks, from the

initial fluid preparation.

The initial PSDs of all nanofluids were provided as

inputs to the numerical model to solve the coupled popula-

tion balance equations and obtain distributions of particle

sizes in nanofluids after different elapsed times. Measured

and calculated nanofluid PSDs were compared and are dis-

cussed below.
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IV. RESULTS AND DISCUSSIONS

Immediately after ultrasonication, t¼ 0 s, each nanofluid

was analyzed for the initial particle size distribution, as

shown in Figure 3. NICOMP system generates the Gaussian

distributions that are relative to the peak value and on a loga-

rithmic scale, and for a better appreciation of the particle

size distribution data are presented in Figure 4 using linear

abscissa for the measured average particle sizes. The nano-

fluids have initial average particle sizes around 150 nm as

specified by the particle manufacturer. The observed PSDs

of nanofluids obtained using NICOMP-DLS at different

times are presented in Figures 5 and 6. All the nanofluid

PSDs presented seems to get broader indicating increased

agglomeration with time. Both experimental observation and

the prediction show that the particle size changes only

slightly in 3 weeks for pH of 3, as shown in Figure 5(a). In

fact, the experiments indicate that the particle size is smaller

after 3 weeks than those after 2 days and 5 days. However,

the model predicts a very small level of agglomeration in

this nanofluid at this condition. The deviation between the

FIG. 2. Number density distributions

of particles of different sizes and at dif-

ferent times for initial Gaussian-like

distribution at (a) 0.1% and (b) 0.01%

volume fractions.

FIG. 3. Number weighted particle size

distributions for different alumina-water

nanofluids at t¼ 0 s, by NICOMP 380.

At volume fraction 0.05%, (a) pH¼ 3,

C¼ 10�4 M, (b) pH¼ 3.3, C¼ 10�3 M,

(c) pH¼ 4, C¼ 10�3 M, and (d)

pH¼ 4, C¼ 10�4 M. At volume frac-

tion 0.01%, (e) pH¼ 4, C¼ 10�4 M. C

is the concentration of NaCl measured

in molarity.

094304-5 Krishna et al. J. Appl. Phys. 117, 094304 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

70.15.43.170 On: Thu, 05 Mar 2015 14:43:24



model and the experimental observation is believed to be the

accuracy of the particle measuring device. As mentioned ear-

lier, the NICOMP submicron particle sizer instrument manu-

facturer has an accuracy of 5% in the average particle size

measurement and the particle size variations here are within

that experimental uncertainty level. It is believed by the

authors that this reverse trend observed in the experiment

may not be a new physics that is not covered in the model of

this paper. On the contrary, agglomeration level is much

higher for pH value of 4 and the measured and predicted par-

ticle size in 2 weeks matches, as shown in Figure 5(b).

In a nanofluid, the extent of agglomeration is dependent

on the rate of Brownian motion along with the total interpar-

ticle interaction energy. Since the Van der Waals attraction

energy between the particles cannot be altered easily, to

improve stability/shelf life of a nanofluid the electrostatic

repulsion energy between the particles needs to be controlled

by varying the pH and electrolyte concentration or other par-

ticle functionalization.

With decrease in the pH from 4 to 3, the number of Hþ

ions is increased by an order of magnitude. These potential

determining ions affect the surface of alumina nanoparticles

resulting in a net charge on the surface. These charged par-

ticles are surrounded by the counter-ions, in this case Naþ

and Cl�, forming a Deybe layer of ions around the nanopar-

ticles. With increase in the concentration of the counter-ions

by increasing the electrolyte concentration, the thickness of

the Debye layer can be manipulated.

During the agglomeration process, the smaller particles

are prone to have more number of collisions due to their

larger diffusion coefficient, and are more likely to form clus-

ters of bigger particles. This can be observed in Figures 5

and 6; the number of smaller particles is decreasing as the

number of bigger particles is increasing. Large decrease in

the numbers of smaller particles is necessary for a small

increase in the number of bigger particles. The total volume

of all the nanoparticles per unit volume of nanofluid is a con-

served parameter during the agglomeration process.

The independent parameters considered here for the

nanoparticle agglomeration model are volume fraction, pH,

electrolyte concentration, zeta potential, Hamaker constant,

and temperature. The PSDs generated using the numerical

model are compared with experimental measurements in

Figures 5 and 6. The model predictions start with the initial

average particle sizes and standard deviations of both the

particle number and volume weighted distributions along

with the independent variables considered. The agreement

between the experimental data and numerical model predic-

tions is good and the differences can be attributed to the

assumptions made for the theoretical derivations of the

FIG. 4. Initial particle number density distributions for alumina nanofluids,

t¼ 0 s.

FIG. 5. Particle number density distri-

butions at different times for alumina

nanofluid at 0.05% (v/v) with 10�4 M

of NaCl, (a) pH¼ 3 and (b) pH¼ 4.

FIG. 6. Particle number density distri-

butions at different times for alumina

nanofluid at 0.05% (v/v) with 10�3 M

of NaCl, (a) pH¼ 3.3 and pH¼ 4.
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expressions for inter-particle potential energies, uncertainties

in the measurement of zeta potential and experimental proce-

dures in general.

Nanofluids with pH¼ 4 and 10�3 M NaCl correspond-

ing to lower zeta potential and smaller Debye length were

observed to agglomerate at faster rates compared to others,

as shown in Table I.

Alumina nanofluid with a pH of 3 and 10�4 M NaCl is

observed to have very slow rate of agglomeration compared

to others and that is attributed to higher zeta potential and

larger Debye length for these conditions. With increase in

the counter-ion concentration by increasing electrolyte con-

centration, the thickness of the electrical double layer

decreased (see Table I) thus decreasing the repulsive forces

and total potential energies between particles (Figure 7).

Among the alumina nanofluids experimented with here, the

nanofluid with lower pH and lower electrolyte concentration

(with pH¼ 3 and 10�4 M NaCl) had smaller average particle

sizes compared to those with higher pH and higher electro-

lyte concentration (with pH¼ 3.3 and 10�3 M NaCl). This

indicates longer shelf life for alumina nanofluid with pH¼ 3

and 10�4 M NaCl compared to alumina nanofluid with

pH¼ 4 and 10�3 M NaCl; and this process should be consid-

ered with potential pH changes with time due to oxidation

and/or other chemical changes.

The average particle diameters from PSDs for alumina

nanofluids with different properties and at different times

can be used to quantitatively estimate the extent of agglom-

eration. Since the results of the numerical model compare

quite favorably with experimental results, the model pre-

sented here can be used to determine the anticipated average

particle diameter of alumina nanofluids for any shelf time.

As indicated in Table II, the average particle size of alumina

nanofluid-3 (pH¼ 4 and 10�3 M in Table II) with lower zeta

potential (see Table I) increased by 28% in 2 weeks. On the

other hand, alumina nanofluid-1 (pH¼ 3 and 10�4 M in

Table II) with a higher zeta potential (see Table I) increased

by only 5% in 2 weeks. This brings out the dependence of

agglomeration on zeta potential among others; alumina

nanofluid-3 compared to alumina nanofluid-2. The average

TABLE I. Parameters of alumina nanofluids with 0.05% (v/v) at different

pH and electrolyte concentration.

Alumina nanofluid

Total ionic

concentration (M)

Zeta

potential (mV)

Debye

length (nm)

pH¼ 3, 10�4 M NaCl 1.2 � 10�3 62.1 12.6

pH¼ 3.3, 10�3 M NaCl 2.5 � 10�3 61.9 8.71

pH¼ 4, 10�3 M NaCl 2.1 � 10�3 40 9.50

pH¼ 4, 10�4 M NaCl 3.0 � 10�3 43.4 25.1

FIG. 7. The total interaction energy between two alumina particles of diame-

ter 150 nm in water. "H" is the distance between the surfaces of particles of

radius “a.”

TABLE II. Average particle diameter (nm) and standard deviation (nm) for particle size distributions from experimental analysis and numerical modeling at

different times for alumina nanofluids. C is the concentration of electrolyte in Molarity.

Alumina nanofluid Properties Time

Mean particle diameter (nm), standard deviation (nm)

Experiment Model

1 0.05% (v/v), pH¼ 3, C¼ 10�4 M 0 s 148, 61 148, 61

2 days 158, 61 148, 61

5 days 158, 63 150, 61

3 weeks 153, 62 156, 62

20 weeks 187, 65

2 0.05% (v/v), pH¼ 3.3, C¼ 10�3 M 0 s 152, 62 152, 62

2 days 161, 62 155, 63

1 week 175, 67 163, 67

2 weeks 186, 64 172, 71

20 weeks 274, 124

3 0.05% (v/v), pH¼ 4, C¼ 10�3 M 0 s 149, 59 149, 59

3 days 154, 60 158, 63

1 week 175, 62 169, 68

2 weeks 190, 69 185, 76

20 weeks 341, 137

4 0.05% (v/v), pH¼ 4, C¼ 10�4 M 0 s 144, 60 144, 60

3 days 147, 59 148, 61

2 weeks 165, 64 158, 63

20 weeks 222, 74

094304-7 Krishna et al. J. Appl. Phys. 117, 094304 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

70.15.43.170 On: Thu, 05 Mar 2015 14:43:24



particle size of alumina nanofluid-4 (pH¼ 4 and 10�4 M in

Table II) increased by 14% in 2 weeks as compared to alu-

mina nanofluid-3 with 28% increase in 2 weeks. This is

attributed to the bigger Debye length for alumina nanofluid-4

as compared to nanofluid-3 (see Table I). It appears the

agglomeration is strongly dependent on pH, ionic concentra-

tion, and the related zeta potential. In order to estimate the

shelf life of these nanofluids, numerical model is used to pre-

dict average particle size in nanofluids after 20 weeks. The

numerical model predicted that in 20 weeks the average par-

ticle size in alumina nanofluid-3 will increase by 128%,

whereas the average particle size in alumina nanofluid-1 will

increase by only 25%. Such increases in average particle

sizes in a nanofluid due to agglomeration are not desirable

for the application of nanofluids in industrial applications. In

the above example, alumina nanofluid-3 with faster agglom-

eration compared to alumina nanofluid-1 has shorter than 20

weeks of shelf life, which could be significant for many

industrial applications.

V. SUMMARY

Nanofluids have been used in many industrial applica-

tions and have been touted to be very useful as heat transfer

fluid with anticipated enhancement. Quite often the nanopar-

ticles used are specified to be of particle sizes distributions

that they were in the powder condition. As indicated in the

present work, there could be significant agglomeration of

particles in nanofluids as a function of time (2 to 4 weeks)

and other independent parameters considered here to charac-

terize the alumina nanofluids considered here. A numerical

model to predict the agglomeration of particles in a nanofluid

is presented and the results of the model have been verified

with alumina nanofluids and their particle size distribution

measurements as a function of time. The numerical model

uses minimal empiricism and is based on first principles

and describes agglomeration based on independent parame-

ters such as particle volume fractions, pH, electrolyte

ionic concentrations, and zeta potential of the nanofluid.

Agglomeration of particles in nanofluids appears to be

strongly dependent on pH, electrolytic ionic concentration,

and the related zeta potential of the nanofluid. Such models

and the predictive capabilities can be quite useful to evaluate

the shelf life and useful life of nanofluids in industrial

applications.
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