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a b s t r a c t

Influences of refrigerant-based nanofluid composition and heating condition on the

migration of nanoparticles during pool boiling were investigated experimentally. The

nanoparticles include Cu (average diameters of 20, 50 and 80 nm), Al and Al2O3 (average

diameters of 20 nm), and CuO (average diameter of 40 nm). The refrigerants include R113,

R141b and n-pentane. The mass fraction of lubricating oil RB68EP is from 0 to 10 wt%, the

heat flux is from 10 to 100 kWm�2, and the initial liquid-level height is from 1.3 to 3.4 cm.

The experimental results show that the migration ratio of nanoparticles during the pool

boiling of refrigerant-based nanofluid increases with the decrease of nanoparticle density,

nanoparticle size, dynamic viscosity of refrigerant, mass fraction of lubricating oil or heat

flux; while increases with the increase of liquid-phase density of refrigerant or initial

liquid-level height.

ª 2011 Elsevier Ltd and IIR. All rights reserved.
Influences de la composition et le chauffage d’un nanofluide
sur la migration des nanoparticules lors de l’ébullition libre.
Partie I : mesures expérimentales
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1. Introduction

Refrigerant-based nanofluid is a new type of heat transfer

working fluid by dispersing nanoparticles in conventional
8; fax: þ86 21 34206814.
ng).
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pure refrigerant, and is also called as nanorefrigerant by some

researchers (Ding et al., 2009; Jiang et al., 2009). The existing

researches show that substituting refrigerant-based nanofluid

for conventional refrigerant is an effective method for
reserved.
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Nomenclature

d diameter of single nanoparticle (m)

kB Boltzmann constant, kB¼ 1.381� 10�23 J K�1

L initial liquid-level height (m)

m mass (kg)

mb mass of bubbles (kg)

q heat flux (Wm�2)

R(u> u0,min) ratio of number of nanoparticles with velocity

larger than u0,min to the total number of

nanoparticles

T temperature (K)

u velocity of single nanoparticle (m s�1)

u0,min minimum escaping velocity (m s�1)

u average velocity of bubbles

x mass fraction of lubricating oil

Greek symbols

g surface tension of liquid (Nm�1)

z migration ratio of nanoparticles

4 initial nanoparticle concentration

r density (kgm�3)

Subscripts

L liquid-phase

n nanoparticle

o lubricating oil

r refrigerant
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improving the energy efficiency of refrigeration system (Wang

et al., 2003; Wang et al., 2007; Bi et al., 2008). In order to apply

the refrigerant-based nanofluid in the refrigeration system,

the phase-change heat transfer characteristics of refrigerant-

based nanofluid should be quantitatively evaluated, and the

cycle behavior of nanoparticles in the refrigeration system

should be known. The phase-change heat transfer charac-

teristics of refrigerant-based nanofluid is affected by the

distribution of nanoparticle concentration in the liquid-phase

and vapor-phase refrigerant because the distribution of

nanoparticle concentration has significant effect on the

thermophysical properties of the liquid-phase and vapor-

phase refrigerant. Meanwhile, the cycle behavior of nano-

particles in the refrigeration system is also affected by the

distribution of nanoparticle concentration. Therefore, the

migration characteristics of nanoparticles between liquid-

phase and vapor-phase need be known to determine the

distribution of nanoparticle concentration in the liquid-phase

and vapor-phase refrigerant. As the pool boiling heat transfer

is the basic type of phase-change heat transfer, the migration

characteristics of nanoparticles from liquid-phase to vapor-

phase during the pool boiling process of refrigerant-based

nanofluid should be firstly investigated.

In recent years, some researchers have experimentally

investigated the pool boiling heat transfer characteristics of

refrigerant-based nanofluids (Kedzierski, 2009; Kedzierski and

Gong, 2009; Trisaksri and Wongwises, 2009; Peng et al., 2010)

and flow boiling heat transfer characteristics of refrigerant-

based nanofluids (Peng et al., 2009; Henderson et al., 2010).

Some of the researches indicate that the presence of nano-

particles can enhance the boiling heat transfer (Kedzierski,

2009; Kedzierski and Gong, 2009; Peng et al., 2009; Peng et al.,

2010), while the other researches indicate that the presence

of nanoparticles deteriorates the boiling heat transfer

(Trisaksri and Wongwises, 2009; Henderson et al., 2010). From

these researches, it can be seen that the nanoparticle type, the

nanoparticle size, the refrigerant type, the mass fraction of

lubricating oil and the heat flux have influences on the pool

boiling heat transfer of refrigerant-based nanofluid. There-

fore, the influences of the above factors on the migration

characteristics of nanoparticles during the pool boiling

process of refrigerant-based nanofluid should be investigated.

In addition, the initial liquid-level height affects the pool
boiling heat transfer, so the influence of initial liquid-level

height on the migration characteristics of nanoparticles also

needs to be investigated.

Compared with the researches on the boiling heat transfer

of refrigerant-based nanofluid, there are much fewer

researches on the migration characteristics of nanoparticles.

A literature survey shows that themigration characteristics of

nanoparticles during the pool boiling process of refrigerant-

based nanofluid is only reported by Ding et al. (2009). In that

paper, the relationship between the migration ratio and the

volume fraction of nanoparticles was investigated. However,

only one type of nanoparticle and one type of refrigerant were

used in the experiments at a fixed heat flux. In order to well

understand the migration characteristics of nanoparticles,

more experiments concerning the influences of nanoparticle

type, nanoparticle size, refrigerant type, mass fraction of

lubricating oil, heat flux and initial liquid-level height on the

migration characteristics of nanoparticles are needed.

The objective of this study is to experimentally investigate

the influences of refrigerant-based nanofluid composition

(including nanoparticle type, nanoparticle size, refrigerant

type and mass fraction of lubricating oil) and heating condi-

tion (including heat flux and initial liquid-level height) on the

migration characteristics of nanoparticles, and to propose

a model to predict the migration ratio of nanoparticles. Part I

of the present study focuses on the experimental measure-

ment, and part II focuses on the model development.
2. Experimental facility and method

2.1. Experimental facility

The experimental facility used for testing the migration

characteristics of nanoparticles in the refrigerant-based

nanofluid pool boiling consists of three parts (i.e., a pool

boiling apparatus, a migrated mass measurement apparatus

and a capture cover), as schematically shown in Fig. 1. The

pool boiling apparatus mainly consists of a boiling vessel and

an electric heating membrane. The boiling vessel is a cylin-

drical glass container with the inside diameter of 50 mm and

the height of 95 mm. The vessel is insulated with glass fibers

to reduce heat loss to the surroundings. The electric heating
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Fig. 1 e Experimental facility.
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membrane is made of indium tin oxide (ITO) film, and is

connected with the direct-current voltage power supply. The

ampere meter with the calibrated precision of 0.5% is used for

reading electric current supplied to the heating surface, and

a data acquisition system with the calibrated precision of

0.002% is used to measure the voltage across the heating

surface. The heat flux through the heating surface is

controlled by adjusting the heating power of the electric

heatingmembrane, and is calculated by themeasured electric

current, voltage and heating surface area. The uncertainty of

heat flux is estimated to be smaller than 1.2%. The migrated

mass measurement apparatus is a digital electronic balance

with a measurement range of 10.0 mge210.0000 g and

a maximum error of 0.1 mg. The capture cover is used to

capture the spouted nanoparticles, preventing the possible

environmental contamination caused by the nanoparticles.
Table 1 e Properties of nanoparticles used in the
experiments.

Property Cu Al CuO Al2O3

Molecular mass (gmol�1) 63.54 26.98 79.54 101.96

Average particle diameter

(nm)

20, 50, 80 20 40 20

Density (kgm�3) 8920 2688 6320 3890

Thermal conductivity

(Wm�1 K�1)

398 237 32.9 36

Isobaric specific heat

(J kg�1 K�1)

385 905 550.5 779
2.2. Experimental method

All the experiments are performed at atmospheric pressure

(101.3 kPa) by venting the boiling vessel to ambient. The

migrated mass of nanoparticles is obtained by the weighing

method proposed by Ding et al. (2009).

In the experiments for the refrigerant-based nanofluid

without lubricating oil, the experimental procedure consists

of the following steps: 1) adding nanoparticles with the orig-

inal mass of mn0 to the boiling vessel; 2) weighing the total

mass of the boiling vessel and the nanoparticles,m1; 3) adding

the refrigerant with the original mass of mr0 to the boiling

vessel; 4) opening the direct-current voltage power supply and

heating the refrigerant-based nanofluid to be boiling; 5)

adjusting the voltage to control the heat flux; 6) weighing the

total mass of the boiling vessel and the nanoparticles, m2,

when the refrigerant is entirely evaporated (the signal for the

entire evaporation is that the mass of mixture does not
change for 12 h); 7) calculating the migrated mass of nano-

particles with the equation Dmn¼m1�m2.

In the experiments for the refrigerant-based nanofluid with

lubricating oil, the experimental procedure consists of the

following steps: 1) adding nanoparticles with the original mass

ofmn0 and the lubricating oil with themass ofmo to the boiling

vessel; 2) weighing the total mass of the boiling vessel, the

nanoparticles and the lubricating oil, m3; 3) adding the refrig-

erant with the original mass of mr0 to the boiling vessel; 4)

opening the direct-current voltage power supply and heating

the refrigerant-basednanofluidwith lubricatingoil tobeboiling;

5) adjusting the voltage to control the heat flux; 6) weighing the

total mass of the boiling vessel, the nanoparticles and the

lubricating oil, m4, when the refrigerant is entirely evaporated

(the signal for the entire evaporation is that themass ofmixture

does not change for 12 h); 7) calculating the migrated mass of

nanoparticles with the equation Dmn¼m3�m4.
2.3. Experimental objects

Thenanoparticlesused in thepresent study includecommonly

used metal nanoparticles (i.e., Cu and Al) and metal oxide

nanoparticles (i.e., CuOandAl2O3). Cunanoparticleshave three

different average diameters (dn) of 20 nm, 50 nm and 80 nm;

while Al, CuO and Al2O3 nanoparticles have a single average

diameter for each, and the average diameters are 20 nm, 40 nm

and20 nm,respectively.Theaveragediameterofnanoparticles

is determined by the following steps: 1) observing the nano-

particles samplebyTEM (transmission electronmicroscope); 2)

obtaining the particle size distributionmap (i.e., the proportion

of the number of particles with different size range) based on

TEMphotographs of nanoparticles; 3)making the nanoparticle

size corresponding to the peak value of the particle size distri-

butionmap to be the average diameter of nanoparticles. In the

experiments for investigating the influence of nanoparticle

type on the migration characteristics of nanoparticles, Cu

(20 nm), Al (20 nm) and Al2O3 (20 nm) are used. In the experi-

ments for investigating the influence of nanoparticle size on

the migration characteristics of nanoparticles, Cu (20 nm), Cu

(50 nm) and Cu (80 nm) are used. The properties of the used

nanoparticles are given in Table 1, and the TEM (transmission

electron microscope) photographs of the used nanoparticles

are shown in Fig. 2.

Three types of refrigerants are used in the experiments

including R113, R141b and n-pentane, belonging to CFC refrig-

erant, HCFC refrigerant and alkane refrigerant, respectively.
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Fig. 2 e TEM photographs of nanoparticles in the experiments.
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Although these three refrigerants are not used any more in the

refrigeration and air conditioning industry (e.g., R113 is a CFC

and should be phased out), they are chosen in the present study

basedonthe following tworeasons. 1) If thehostfluid is in liquid

state at room temperature and atmospheric pressure, it is easy

to disperse the nanoparticles into the host fluid evenly.

However, most of widely used refrigerants, e.g. R410A, R134a

and R22, are in vapor state at room temperature and atmo-

spheric pressure, and it is difficult to prepare nanofluids with

well-dispersed nanoparticles based on such refrigerants at

room temperature and atmospheric pressure. R113, R141b and
n-pentane are in liquid state at room temperature and atmo-

spheric pressure (their boiling points are respectively 47.6 �C,
32.1 �C and 36.1 �C at 101.3 kPa). In order to prepare the

refrigerant-based nanofluid with well-dispersed nanoparticles,

these low-pressure refrigerants should be used as the host fluid

(Ding et al., 2009). 2) The difference of the physical properties

between R113, R141b or n-pentane and other widely used

refrigerants (e.g. R410A, R134a) is quite smaller than that

between refrigerants and non-refrigerant fluids (e.g. water), so

themigrationcharacteristicsofnanoparticles in the refrigerant-

based nanofluid based on R113, R141b or n-pentanemay reflect

http://dx.doi.org/10.1016/j.ijrefrig.2011.07.010
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those in other refrigerant-based nanofluids to a certain extent.

The properties of the used refrigerants are given in Table 2.

For investigating the influence of mass fraction of lubri-

cating oil on the migration characteristics of nanoparticles,

the lubricating oil RB68EP is used in the experiments. RB68EP

is an ester oil with a density of 0.964 g cm�3 at 15 �C and

kinematic viscosities of 66.79 and 8.23 mm2 s�1 at 40 �C and

100 �C, respectively, as reported by themanufacturer. In order

to avoid the sorption and agglutination phenomenon during

nanofluid boiling heat transfer process (Liu and Liao, 2008), no

surfactant is used in the present study.
2.4. Test conditions

Test conditions are tabulated in Table 3, and are divided into

six categories. The objectives of these six categories are

investigating the influences of nanoparticle type, nanoparticle

size, refrigerant type, mass fraction of lubricating oil, heat flux

and initial liquid-level height on the migration of nano-

particles, respectively.
3. Data reduction and uncertainty

3.1. Migration ratio of nanoparticles

In order to quantitatively evaluate the migration degree of

nanoparticles, the migration ratio of nanoparticles, z, is

defined by Eq. (1):

z ¼ Dmn=mn0 (1)

where, Dmn is the migrated mass of nanoparticles, and mn0

is the original mass of nanoparticles.
3.2. Initial nanoparticle concentration

The initial nanoparticle concentration in the liquid-phase

(liquid refrigerant or liquid refrigerant-oil mixture), 4n, can

be calculated by Eq. (2):
Table 2 e Properties of refrigerants used in the
experiments.

Property R113 R141b n-pentane

Chemical formula Cl2FC-CClF2 CH3CCl2F C5H12

Molecular mass (gmol�1) 187.37 116.95 72.15

Normal boiling point (�C) 47.6 32.05 36.1

Critical temperature (�C) 214.1 204.5 196.4

Critical pressure (MPa) 3.39 4.25 3.37

Liquid-phase

density (kgm�3) (1 atm)

1508 1220 606

Vapor-phase

density (kgm�3) (1 atm)

7.4 4.8 3.2

Liquid-phase dynamic

viscosity (Pa s) (1 atm)

5� 10�4 3.78� 10�4 1.91� 10�4

Liquid-phase isobaric

specific heat

(J kg�1 K�1) (1 atm)

940 1165 2441

Surface tension

(Nm�1) (1 atm)

0.0147 0.0173 0.0138
4n ¼ mn0=rn
m =r þm =r þm =r

(2)

n0 n r0 r;L o o

where,mr0 andmo are the original mass of refrigerant and the

mass of oil, respectively; rn, rr,L and ro are the density of

nanoparticle, liquid-phase refrigerant and oil, respectively.

3.3. Mass fraction of lubricating oil

Themass fraction of lubricating oil in the liquid refrigerant-oil

mixture, xo, is calculated by Eq. (3):

xo ¼ mo

mr0 þmo
(3)

3.4. Uncertainties

The uncertainty of migration ratio of nanoparticles, dz, is

calculated as:

dz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

vz

vDmn

�2

dDm2
n þ

�
vz

vmn0

�2

dm2
n0

s
(4)

By substituting Eq. (1) to Eq. (4), the relative uncertainty of

migration ratio of nanoparticles is calculated as:

dz

z
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1

Dmn

�2

dDm2
n þ

�
1

mn0

�2

dm2
n0

s
(5)

Determined by the accuracy of the digital electronic balance,

the maximum uncertainties of the measured migrated mass

of nanoparticles (dDmn) and original mass of nanoparticles

(dm0) are 0.2 mg and 0.1 mg, respectively. The maximum

relative uncertainty of migration ratio of nanoparticles is

obtained at the condition of the smallest migrated mass of

nanoparticles and the original mass of nanoparticles, and

calculated to be 2.7%.

Tests under several conditions were repeated for three

times. The differences among the three testing results under

each condition are less than 3%, which shows that the

experimental results are reproducible.
4. Results and discussion

4.1. Influence of nanoparticle type on the migration of
nanoparticles

Fig. 3 shows the migration ratio (z) of nanoparticles changed

with the initial nanoparticle concentration (4n) for different

nanoparticle type. The refrigerant is R113, themass fraction of

lubricating oil (xo) is 0 wt%, the heat flux (q) is 50 kWm�2, and

the initial liquid-level height (L) is 2.0 cm. The value of z under

these test conditions is in the range of 15.4e30.7%. For fixed

nanoparticle type, z decreases with the increase of 4n. For

example, z for Al (20 nm) decreases 27.3% with the increase of

4n from 0.2 vol% to 1.37 vol%. The tendency of z changed with

4n is same to that for CuO presented by Ding et al. (2009).

From Fig. 3, it can be seen that the migration ratio (z) of

nanoparticles is in the order of Al (20 nm)>Al2O3 (20 nm)>Cu

(20 nm), which is opposite to the order of the density values

for Al (2688 kgm�3), Al2O3 (3890 kgm�3) and Cu (8920 kgm�3).

http://dx.doi.org/10.1016/j.ijrefrig.2011.07.010
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Table 3 e Test conditions.

Objective of
investigation

Nanopaticle
type and size

Refrigerant
type

Mass fraction
of lubricating
oil xo (wt%)

Heat flux
q (kWm�2)

Initial
liquid-level
height L (cm)

Initial nanoparticle
concentration 4n (vol%)

Influence of nanoparticle

type on migration

Cu (20 nm),

Al (20 nm),

Al2O3 (20 nm)

R113 0 50 2.0 0.2, 0.4, 0.59, 0.79,

0.98, 1.18, 1.37

Influence of nanoparticle

size on the migration

Cu (20 nm),

Cu (50 nm),

Cu (80 nm)

R113 0 50 2.0 0.2, 0.4, 0.59, 0.79,

0.98, 1.18, 1.37

Influence of refrigerant

type on migration

CuO (40 nm) R113, R141b,

n-pentane

0 50 2.0 0.2, 0.4, 0.59, 0.79,

0.98, 1.18, 1.37

Influence of mass fraction

of lubricating oil

on migration

CuO (40 nm) R113 0, 1, 5, 10 50 2.0 0.2, 0.4, 0.59, 0.79,

0.98, 1.18, 1.37

Influence of heat flux

on migration

CuO (40 nm) R113 0 10, 20,

50, 100

2.0 0.2, 0.4, 0.59, 0.79,

0.98, 1.18, 1.37

Influence of initial

liquid-level height

on migration

CuO (40 nm) R113 0 50 1.3, 2.0 2.7, 3.4 0.2, 0.4, 0.59, 0.79,

0.98, 1.18, 1.37
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Under the present experimental conditions, the value of z for

Al (20 nm) is maximally 19.6% larger than that for Al2O3

(20 nm), and is maximally 67.9% larger than that for Cu

(20 nm). The possible reason for this phenomenon is as

follows. The Brownian movement velocity of nanoparticles

increases with the decrease of nanoparticle density (Prasher

et al., 2006), causing a larger number of nanoparticles

approach and be captured by the bubbles, which leads to the z

increasing with the decrease of the nanoparticle density.

4.2. Influence of nanoparticle size on the migration of
nanoparticles

Fig. 4 shows the migration ratio (z) of nanoparticles changed

with the initial nanoparticle concentration (4n) for different
Fig. 3 e Influence of nanoparticle type on the migration

ratio of nanoparticles.
nanoparticle size. The refrigerant is R113, the mass fraction of

lubricating oil (xo) is 0 wt%, the heat flux (q) is 50 kWm�2, and

the initial liquid-level height (L) is 2.0 cm. The value of z under

these test conditions is in the range of 2.8e20.9%. For fixed

nanoparticle size, z decreases with the increase of 4n. For

example, z for Cu (50 nm) decreases 52.2%with the increase of

4n from 0.2 vol% to 1.37 vol%.

From Fig. 4, it can be seen that the migration ratio (z) of

nanoparticles increases with the decrease of nanoparticle

size. Under the present experimental conditions, the value of z

for Cu (20 nm) is maximally 315.6% larger than that for Cu

(50 nm), and is maximally 448% larger than that for Cu

(80 nm). The difference of z between Cu (20 nm) and Cu

(50 nm) is much larger than that between Cu (50 nm) and Cu

(80 nm), which shows that the increase of z with the decrease
Fig. 4 e Influence of nanoparticle size on the migration

ratio of nanoparticles.

http://dx.doi.org/10.1016/j.ijrefrig.2011.07.010
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of the nanoparticle size is non-linear. The possible reasons for

this phenomenon are as follows. 1) According to the flotation

theory (Nguyen et al., 1998), the migration ratio (z) of nano-

particles is proportional to the collision efficiency between

nanoparticles and bubbles caused by the Brownian diffusion,

as well as the Brownian movement velocity of nanoparticles.

2) The collision efficiency is reverse to the nanoparticle size

(Edzwald et al., 1990) and the Brownian movement velocity of

nanoparticles is reverse to 3/2 power of the nanoparticle size

(Prasher et al., 2006), which leads to the z increasing non-

linearly with the decrease of the nanoparticle size.
4.3. Influence of refrigerant type on the migration of
nanoparticles

Fig. 5 shows the migration ratio (z) of nanoparticles changed

with the initial nanoparticle concentration (4n) for different

refrigerant type. The nanoparticle is CuO (40 nm), the mass

fraction of lubricating oil (xo) is 0 wt%, the heat flux (q) is

50 kWm�2, and the initial liquid-level height (L) is 2.0 cm. The

value of z under these test conditions is in the range of

3.7e12.5%. For fixed refrigerant type, z decreases with the

increase of 4n. For example, z for R141b decreases 51.5% with

the increase of 4n from 0.2 vol% to 1.37 vol%.

From Fig. 5, it can be seen that the migration ratio (z) of

nanoparticles is in the order of R141b> R113>n-pentane.

Under the present experimental conditions, the value of z in

R141b-based nanofluid is maximally 23.4% larger than that in

R113-based nanofluid, and ismaximally 88.6% larger than that

in n-pentane-based nanofluid. The influence of refrigerant

type on the migration ratio of nanoparticles is determined by

the conjunct role of the following two aspects.

1) The influence of dynamic viscosity of refrigerant on the

migration ratio of nanoparticles.
Fig. 5 e Influence of refrigerant type on the migration ratio

of nanoparticles.
With the increase of dynamic viscosity of refrigerant, the

collision efficiency of nanoparticles decreases, and so the

migration ratio of nanoparticles decreases.

2) The influence of liquid-phase density of refrigerant on the

migration ratio of nanoparticles.

With the increase of liquid-phase density of refrigerant,

the amount of generated bubbles at fixed initial liquid-level

height increases, and so the migration ratio of nanoparticles

increases.

The dynamic viscosity values and the liquid-phase density

values for three refrigerants used in the experiments are both

in the order of R113> R141b>n-pentane. As the influences of

dynamic viscosity and liquid-phase density of refrigerant on

the migration ratio of nanoparticles are inverse, the conjunct

role causes themigration ratio of nanoparticles in the order of

R141b> R113>n-pentane.

4.4. Influence of mass fraction of lubricating oil on the
migration of nanoparticles

Fig. 6 shows the migration ratio (z) of nanoparticles changed

with the initial nanoparticle concentration (4n) for different

mass fraction of lubricating oil (xo). The nanoparticle is CuO

(40 nm), the refrigerant is R113, the heat flux (q) is 50 kWm�2,

and the initial liquid-level height (L) is 2.0 cm. The value of z

under these test conditions is in the range of 0.8e11.5%. For

fixed xo, z decreases with the increase of 4n. For example, at

the condition of xo¼ 5 wt%, z decreases 38.4% with the

increase of 4n from 0.2 vol% to 1.37 vol%.

From Fig. 6, it can be seen that the migration ratio (z) of

nanoparticles decreasesmaximally 79.1%with the increase of

mass fraction of lubricating oil (xo) from 1 wt% to 10 wt%. The

possible reasons for this phenomenon are as follows. 1) The

dynamic viscosity and surface tension of lubricating oil

RB68EP are larger than those of pure refrigerant, causing the

dynamic viscosity and surface tension of liquid-phase refrig-

eranteoil mixture increase with the increase of xo (Jensen and

Jackman, 1984; Kedzierski and Kaul, 1993; Mermond et al.,

1999). 2) The increase of dynamic viscosity of the liquid-

phase refrigeranteoil mixture causes the decrease of colli-

sion efficiency caused by Brownian diffusion, which leads to z

decreasing with the increase of xo. 3) The increase of surface

tension of the liquid-phase refrigeranteoil mixture causes the

increase of the bubble departure diameter during the pool

boiling process. The nanoparticles-bubble collision efficiency

decreaseswith the increase of bubble diameter (Edzwald et al.,

1990), causing the decrease of the amount of nanoparticles

captured by bubbles, which leads to z decreasing with the

increase of xo.

4.5. Influence of heat flux on the migration of
nanoparticles

Fig. 7 shows the migration ratio (z) of nanoparticles changed

with the initial nanoparticle concentration (4n) for different

heat flux (q) in the present study. The nanoparticle is CuO

(40 nm), the refrigerant is R113, themass fractionof lubricating

oil (xo) is 0 wt%, and the initial liquid-level height (L) is 2.0 cm.

http://dx.doi.org/10.1016/j.ijrefrig.2011.07.010
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The value of z under these test conditions is in the range of

5.3e14.1%. For fixed q, z decreases with the increase of 4n. For

example, at the condition of q¼ 10 kWm�2, z decreases 54.5%

with the increase of 4n from 0.2 vol% to 1.37 vol%.

From Fig. 7, it can be seen that the migration ratio (z) of

nanoparticles in the present study decreasesmaximally 36.2%

with the increase of heat flux (q) from 10 kWm�2 to

100 kWm�2. The possible reasons are as follows. 1) The

increase of heat flux causes the increase of the velocity of

departure bubble (Malenkov, 1971), thus the velocity of rising

bubble increases. 2) The increase of velocity of rising bubble
Fig. 7 e Influence of heat flux on the migration ratio of

nanoparticles.
results in the decrease of nanoparticles-bubble collision effi-

ciency caused by Brownian diffusion, which leads to the

decrease of z. 3) The increase of velocity of rising bubble results

in the decrease of the bubble rising time in the liquid-phase,

causing the decrease of the amount of nanoparticles

captured by bubbles, which leads to the decrease of z. It can

also be seen that the migration ratio (z) of nanoparticles at the

heat flux of 20 kWm�2 is close to those at the heat flux of

50 kWm�2. The possible reason for this phenomenon is as

follows. With the increase of heat flux from 20 kWm�2 to

50 kWm�2, the rising bubble velocity increases slightly. The

small increase of bubble velocity leads to the small decrease of

nanoparticles-bubble collision efficiency as well as bubble

rising time, and so the migration ratio of nanoparticles

decreases slightly.

Fig. 7 also shows theexperimental dataandpredictedvalues

of migration ratio (z) of nanoparticles presented by Ding et al.

(2009). It can be seen from Fig. 7 that the values of z presented

by Ding et al. are different from those in the present study. The

possible reason for this phenomenon is as follows. The radia-

tion heating was used in the study of Ding et al., causing the

generation of bubbles on the side wall of the boiling vessel. In

the present study, in order to reflect the actual pool boiling

process, the electric heating is used, causing the generation of

bubbles on the bottom of the boiling vessel. The differences of

bubbles rising process as well as the interaction between

nanoparticles and bubbles result in the values of z presented by

Ding et al. are different from those in the present study.

4.6. Influence of initial liquid-level height on the
migration of nanoparticles

Fig. 8 shows the migration ratio (z) of nanoparticles changed

with the initial nanoparticle concentration (4n) for different

initial liquid-level height (L). The nanoparticle is CuO (40 nm),

the refrigerant is R113, the mass fraction of lubricating oil (xo)
Fig. 8 e Influence of initial liquid-level height on the

migration ratio of nanoparticles.

http://dx.doi.org/10.1016/j.ijrefrig.2011.07.010
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is 0 wt%, and the heat flux (q) is 50 kWm�2. The value of z

under these test conditions is in the range of 3.4e21.2%. For

fixed L, z decreaseswith the increase of 4n. For example, at the

condition of L¼ 2.7 cm, z decreases 59.2% with the increase of

4n from 0.2 vol% to 1.37 vol%.

From Fig. 8, it can be seen that the migration ratio (z) of

nanoparticles increasesmaximally 247.5%with the increase of

initial liquid-level height (L) from1.3 cm to3.4 cm.Thepossible

reasons are as follows. 1) The increase of initial liquid-level

height causes the increase of the bubble rising time in the

liquid-phase, thus the amount of nanoparticles captured by

bubbles increases, which leads to z increasing with the

increase of initial liquid-level height. 2) The increase of initial

liquid-level height causes the increase of nanoparticles escape

probability from the liquidevapor interface, which leads to z

increasing with the increase of initial liquid-level height.
Fig. 9 e Comparison between the experimental data and

the predicted values of Ding et al. (2009) model.
5. Comparison between experimental
results and existing model predictions

Ding et al. (2009) model is the only existing model for pre-

dicting the migration characteristics of nanoparticles during

the refrigerant-based nanofluid pool boiling process.

In Ding et al. model, the total migrated mass of nano-

particles (Dmn) includes themigratedmass of nanoparticles by

individual escaping (mp,i) and the migrated mass of nano-

particles by bubble adhesion (mp,b,max). mp,i is obtained by the

energy conservation principle (i.e., the surfacework is equal to

the difference between the kinetic energy of single nano-

particle before escaping and that after escaping). mp,b,max is

also obtained by the energy conservation principle (i.e., the

surface work is equal to the kinetic energy loss of bubbles and

nanoparticles). The main equations in Ding et al. model are

listed as follows.

Dmn ¼ mp;i þmp;b;max (6)

mp;i ¼ mn0$R
�
u > u0;min

�
(7)

u0;min ¼
ffiffiffiffiffiffiffiffiffi
12g
rnd

s
(8)

R
�
u > u0;min

� ¼ ZN
u0;min

4p

�
m

2pkBT

�3=2

e
� m
2kBT

u2
u2du (9)

mp;b;max ¼ u2

12g
rnd

� u2
mb (10)

In Eqs. (6)e(10), u0,min is the minimum velocity of single

nanoparticle before escaping from the liquid surface (defined

as minimum escaping velocity); u is the velocity of single

nanoparticle; R(u> u0,min) is the ratio of number of nano-

particles with velocity larger than u0,min to the total number of

nanoparticles; g is the surface tension of liquid; d is the

diameter of single nanoparticle; the Boltzmann constant

kB¼ 1.381� 10�23 J K�1; T is the temperature; u is the average

velocity of bubbles; mb is the mass of bubbles, which is equal

to the original mass of refrigerantmr0 when all the refrigerant

is gasified.
The predictability of Ding et al. model has been verified by

the experimental data presented by Ding et al. (2009), covering

the CuO (40 nm) nanoparticle, the refrigerant R113, the heat

flux of 20 kWm�2, and the initial concentration of CuO nano-

particles from 0.09 vol% to 1.54 vol%. The verification results

showed that the average deviations of Ding et al. model

predictions from the experimental data presented by Ding

et al. (2009) are in the range of 7.7e38.4%. Due to the experi-

mental data presented by Ding et al. (2009) concerned only one

type of nanoparticle and one type refrigerant at a single heat

flux, the predictabilities of Ding et al. model to other experi-

mental conditions are uncertain and should be investigated.

The present experimental conditions are more compli-

cated than the experimental data presented by Ding et al.

(2009), and cover different nanoparticle type (Cu, Al and

Al2O3) nanoparticle size (20e80 nm), refrigerant type (R113,

R141b and n-pentane), mass fraction of lubricating oil

(0e10 wt%), heat flux (10e100 kWm�2), initial liquid-level

height (1.3e3.4 cm) and initial nanoparticle concentration

(0.2e1.37 vol%). Therefore, the predictabilities of Ding et al.

model to the present experimental data are uncertain, and

will be checked in this paper.

Fig. 9 shows the comparison between the present experi-

mental data of migration ratio of nanopartilces and the pre-

dicted values of Ding et al. (2009) model. From Fig. 9, it can be

seen that the predicted values agree with 82% of the present

experimental data within �90%, and the mean deviation is

65.3%. Such large deviation is due to thatDing et al.model does

not consider the influences of refrigerant-based nanofluid

composition (including nanoparticle type, nanoparticle size,

refrigerant type and mass fraction of lubricating oil) and

heating condition (including heat flux and initial liquid-level

height) on the bubble dynamic characteristics or nano-

particleebubble interaction. Therefore, a new model will be

developed in Part II of the present study, reflecting the influ-

ences of refrigerant-based nanofluid composition and heating

http://dx.doi.org/10.1016/j.ijrefrig.2011.07.010
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condition on the migration characteristics of nanoparticles.

The comparison between experimental results and the new

model will be introduced in Part II of the present study.
6. Conclusions

Influences of refrigerant-based nanofluid composition and

heating condition on themigrationof nanoparticles during the

pool boiling process of refrigerant-based nanofluid are inves-

tigated experimentally, and some conclusions are obtained.

(1) The order of migration ratio of nanoparticles is opposite to

the order of the density values of nanoparticles. Under the

present experimental conditions, the migration ratio for Al

(20 nm) ismaximally19.6%larger thanthat forAl2O3 (20 nm),

and is maximally 67.9% larger than that for Cu (20 nm).

(2) The migration ratio of nanoparticles increases with the

decrease of nanoparticle size. Under the present experi-

mental conditions, the value of z for Cu (20 nm) is maxi-

mally 315.6% larger than that for Cu (50 nm), and is

maximally 448% larger than that for Cu (80 nm).

(3) The migration ratio of nanoparticles increases with the

decrease of dynamic viscosity of refrigerant or the increase

of liquid-phase density of refrigerant.

(4) The migration ratio of nanoparticles decreases maximally

79.1% with the increase of mass fraction of lubricating oil

from 1 to 10 wt%, decreases maximally 36.2% with the

increase of heat flux from 10 to 100 kWm�2, and increases

maximally 247.5% with the increase of initial liquid-level

height from 1.3 to 3.4 cm.

(5) Ding et al. model cannot predict the present experimental

data accurately because it does not consider the influences

of refrigerant-based nanofluid composition and heating

condition on the bubble dynamic characteristics or

nanoparticle-bubble interaction. Development of a new

model reflecting the influences of refrigerant-based

nanofluid composition and heating condition on the

migration characteristics of nanoparticles is needed.
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