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ABSTRACT

The objective of this study is to propose a model for predicting the migration character-
istics of nanoparticles during the refrigerant-based nanofluid pool boiling. In establishing
the present model, the departure and rising processes of bubble, as well as the movement
of nanoparticles in the liquid-phase are firstly simulated; then the capture of nanoparticles
by bubble and the escape of nanoparticles from the liquid—vapor interface are simulated;
finally, the migration ratio of nanoparticles is obtained by flotation theory combining the
analysis on the boiling process. The proposed model can predict the influences of nano-
particle type, nanoparticle size, refrigerant type, mass fraction of lubricating oil, heat flux
and initial liquid-level height on the migration of nanoparticles. The migration ratio of
nanoparticles predicted by the model can agree with 90% of the experimental data of
within a deviation of +20%, and the mean deviation is 12.1%.

© 2011 Elsevier Ltd and IIR. All rights reserved.
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Nomenclature

a acceleration (m s—2)
A heating surface area (m?)

C ratio of mass of nanoparticles in the liquid-phase
to the volume of liquid-phase
Cunningham slip correction factor to Stokes’ drag
law

resistance coefficient

isobaric specific heat (J kg~* K~ %)
diameter of bubble or nanoparticle (m)
bottom diameter of vessel (m)
nanoparticles capture efficiency

E6tvos number

departure frequency of bubble (s7%)

force (N)

random number with normal distribution
latent heat of vaporization (J kg™?)

height of vessel (m)

Boltzmann constant, 1.381 x 10 23 JK !
liquid-level height (m)

location (m)

mass (kg)

molar mass of gas (kg mol )

number of bubbles

active nucleation sites density

pressure (Pa)

nanoparticles escape probability

heat flux (W m—2)

Reynolds number

universal gas constant, 8.314  mol * K !
displacement (m)

temperature (°C)

velocity of spouted nanoparticle (m s %)
velocity of bubble or nanoparticle (m s
volume of bubble (m?)
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@ initial nanoparticle concentration

At time step (s)

0 projectile angle (°)

A gas molecular mean free path (m)

w dynamic viscosity (Pa s)

P density (kg m—3)

o surface tension (N m~?)

Subscripts

a attachment

am ambient

b bubble

buo buoyancy

Brown Brownian force
collision

d detachment

D Brownian diffusion

g gravity

G gravity settling

I interception

In inertial impaction

L liquid-phase

max maximum

n nanoparticle

o lubricating oil

r refrigerant

re fluid resistance

s spouted

sat saturation

t moment of t

total resultant force

\% vapor-phase

X in X-axis

y in Y-axis

Abbreviation

Pre predicted values
Greek symbols
4 migration ratio of nanoparticles
1. Introduction fraction of lubricating oil) and heating condition (including

In order to quantitatively evaluate the boiling heat transfer of
refrigerant-based nanofluid in the heat exchangers of refrig-
eration systems, the nanoparticle concentration in the liquid-
phase and vapor-phase during the boiling process should be
accurately calculated. The nanoparticle concentration in the
liquid-phase and vapor-phase is related to the migration
characteristics of nanoparticles from liquid-phase to vapor-
phase during the refrigerant-based nanofluid pool boiling.
Therefore, a model for predicting the migration characteris-
tics of nanoparticles from liquid-phase to vapor-phase during
the refrigerant-based nanofluid pool boiling is needed to be
established. From the experimental results presented in PartI
of the present study (Peng et al., 2011), it can be seen that the
refrigerant-based nanofluid composition (including nano-
particle type, nanoparticle size, refrigerant type and mass

heat flux and initial liquid-level height) have influences on the
migration of nanoparticles, so these influence factors should
be reflected in the model.

The existing researches on the modeling of heat transfer
characteristics of nanofluids are focused on the convective
heat transfer (Khanafer et al., 2003; Putra et al., 2003; Maiga
et al, 2005; Wen and Ding, 2005; Xuan and Yao, 2005;
Buongiorno, 2006; Namburu et al.,, 2009), and the results
showed that the single-phase convective heat transfer char-
acteristics of nanofluids are affected by nanoparticle
concentration. Under shear and viscosity gradient conditions,
particles may migrate (Leighton and Acrivos, 1987; Phillips
et al., 1992; Morris and Brady, 1998; Liu, 1999), which causes
the non-uniform particle concentration and then changes the
spatial effective thermophysical properties of nanofluid. In
order to determine the non-uniformity in nanoparticle
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concentration, a theoretical model has been proposed by Ding
and Wen (2005) to predict the migration of nanoparticles in
the nanofluid flowing through a pipe, and a numerical simu-
lation based on a combined Euler and Lagrange method has
been done by Wen et al. (2009) to predict the migration of
nanoparticles in a single channel. These researches reveal the
two-phase flow nature of nanofluids and their implications to
the convective heat transfer of nanofluids. As the physical
nature of the pool boiling heat transfer process is different
from that of the convective heat transfer process, especially
the generation of the bubbles, the models for predicting the
migration of nanoparticles during the convective heat transfer
of nanofluid can not directly extended to predict the migration
of nanoparticles during the pool boiling. Therefore, a model
for predicting the migration characteristics of nanoparticles
during the pool boiling should be proposed.

Ding et al. (2009) considered that the adhesion between
nanoparticles and bubbles is the main mechanism for the
migration of nanoparticles from liquid-phase to vapor-phase
during the refrigerant-based nanofluid pool boiling, and
proposed a model for predicting the migrated mass of nano-
particles based on the energy conversion theory. Ding et al.
model can be used to predict the tendency of the migrated
mass changed with the original mass of nanoparticles or the
original mass of refrigerant, and the verification results
showed the good accuracy when predicting the migrated mass
for one type of nanoparticle and one type refrigerant at
a single heat flux. As Ding et al. model does not consider the
influences of refrigerant-based nanofluid composition and
heating condition on the bubble dynamic characteristics or
nanoparticle—bubble interaction, it shows poor predictability
for the experimental data covering different refrigerant-based

Ve bubble
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a departure of bubble from the heating surface
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C capture of nanoparticles by bubble

—— bubble

nanofluid composition and heating condition, and the mean
deviation between Ding et al. model predictions and the
experimental data can reach 65.3% (Peng et al., 2011). Dis-
tinguishing from Ding et al. model, the existing flotation
theory considers the particle—bubble interaction, and can
accurately describe the adhesion between nanoparticles and
bubbles (Edzwald et al., 1990; Nguyen et al., 1998, 2006; Ralston
and Dukhin, 1999; Dai et al., 1999; Yoon, 2000). However, the
existing flotation theory can not directly used to predict the
migration of nanoparticles from liquid-phase to vapor-phase
during pool boiling because they are aimed at the conditions
without phase change.

The objective of Part II in this study is to establish
a numerical model to predict the migrated ratio of nano-
particles from liquid-phase to vapor-phase in the
refrigerant-based nanofluid pool boiling, and the model
should accurately predict 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 migration of
nanoparticles.

2. Model description
2.1.  Research objective and modeling idea

The migration of nanoparticles from liquid-phase to vapor-
phase in the refrigerant-based nanofluid pool boiling can be
divided to the following four processes: 1) the departure of
bubble from the heating surface, as shown in Fig. 1(a); 2) the
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Fig. 1 — Schematic of the migration process of nanoparticles from liquid-phase to vapor-phase.
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movement of bubble and nanoparticles in the liquid-phase;
as shown in Fig. 1(b); 3) the capture of nanoparticles by
bubble, as shown in Fig. 1(c); and 4) the escape of nano-
particles from the liquid—vapor interface, as shown in
Fig. 1(d). In the model to be built in the paper, the above four
processes will be described by the four sub-models including
the bubble departure sub-model, the bubble and nanoparticle
kinetics sub-model, the nanoparticles—bubble interaction
sub-model, the nanoparticles escape sub-model, respec-
tively. In order to combine the above four processes and
finally output the migration ratio of nanoparticles from the
beginning of the pool boiling to a fixed moment, the migra-
tion ratio sub-model is also needed. Therefore, the model to

be built in the paper includes five sub-models (i.e., the bubble
departure sub-model, the bubble and nanoparticle kinetics
sub-model, the nanoparticles—bubble interaction sub-model,
the nanoparticles escape sub-model, and the migration ratio
sub-model), and the route chart of the model is shown in
Fig. 2.

From the above analysis, it can be seen that the interaction
between nanoparticles and bubble is the key factor causing
the migration of nanoparticles from liquid-phase to vapor-
phase. During the pool boiling of refrigerant-based nano-
fluid, the mass of nanoparticles in the liquid-phase and the
mass of liquid-phase decrease with time, thus the nano-
particle concentration in the liquid-phase changes with time,

total calcualtion time step
time (Z1ora1) (An)

original mass of nanoparticles and refrigerant; mass of lubricating oil;
heat flux, heating surface area; saturation temperature; ambient pressure;
thermophysical properties of nanoparticle, refrigerant and oil;
height and bottom diameter of vessel

Input parameters

)
d

4

Model for calculating

thermophysical properties of
liquid-phase with nanoparticles

thermophysical properties of liquid-
phase with nanoparticles

Bubble departure
sub-model

diameter, frequency and velocity of
departure bubble,
and the active nucleation sites densit

Bubble and nanoparticle
kinetics sub-model

velocity, location and diameter of
rising bubble, velocity of nanoparticle,
and liquid-level height

Y

'

Nanopartilces-bubble
interaction sub-model

Nanoparticles escape
sub-model

nanoparticles
escape probability

) J

-

A

Have been carried out
for tipra/ At times?

migration ratio
of nanoparticles

Output parameter

Fig. 2 — The route chart of model.
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causing the thermophysical properties of liquid-phase with
nanoparticles changes with time, which leads to the bubble
dynamics and the migration characteristics of nanoparticles
changing with time. In order to reflect the interaction between
nanoparticles and bubble, some parameters should be intro-
duced to the model, such as the departure diameter of bubble,
the departure frequency of bubble, the velocity of rising
bubble, the nanoparticle velocity, the nanoparticles capture
efficiency, and the nanoparticles escape probability. In order
to reflect the change of migration characteristics of nano-
particles with time, the model should be the dynamic model.

2.2. Bubble departure sub-model

The bubble departure sub-model is used to calculate the
departure diameter of bubble, the departure frequency of
bubble, the velocity of departure bubble and the active
nucleation sites density. In this sub-model, the departure
diameter, the departure frequency of bubble and the velocity
of departure bubble are calculated by the existing correlations,
and the active nucleation sites density are obtained by the
energy conservation principle.

The input parameters of the sub-model are py,,, (density of
liquid-phase with nanoparticles), C, 1 » (isobaric specific heat
of liquid-phase with nanoparticles), T, (saturation tempera-
ture), ppo (density of departure bubble), hg (latent heat of
vaporization), o1, (surface tension of liquid-phase with
nanoparticles), and q (heat flux). The output parameters of the
sub-model are dy, (departure diameter of bubble), f (departure
frequency of bubble), vy, (velocity of departure bubble), and N
(active nucleation sites density).

The departure diameter of bubble in the pool boiling
process can be calculated according to Cole—Rohsenow
correlation (Cole and Rosenhow, 1969), as shown in Eq. (1).

2 1
dbO =4.65 x 10—4 (pL.nCp.L,nTsat)4< OLn )2 (1)
Poohsg 9(PLn — Pro)

The departure frequency of bubble and the velocity of
departure bubble and in the pool boiling process can be
calculated by Malenkov correlation (Malenkov, 1971), as
shown in Egs. (2) and (3), respectively.

1 {|:db09(pL,n —Pbo) 4

Tl 2(pL.n + pbo)

20'L.n (pL,n - pbO)g:| 1/2+ q (2)
drog (PL,n + ﬂbo) Nggpro

20’L_n (pL,n - pb0)9:| vz q (3)
dwog (pL,n + pbo) htgpro

Voo — [dbog (PLn — Pro)
2(pLJl + pbO)

According to the energy conservation principle, the active
nucleation sites density can be calculated by Eq. (4).

q
N=— 1 )
hfg/’bog dgof
2.3. Bubble and nanoparticle kinetics sub-model

The bubble and nanoparticle kinetics sub-model is used to
simulate the movement of bubble and nanoparticle in the
liquid-phase, and to calculate the kinetic parameters of bubble
and nanoparticle. In the simulation of the movementof bubble,

firstly the forces on bubble are calculated, secondly the velocity
andlocation of risingbubble at different times are calculated by
the Newton’s second law, and finally the size of risingbubble at
different times is calculated according to the pressure balance.
In the simulation of the movement of nanoparticle, firstly the
forces on nanoparticle in the liquid-phase are calculated, and
secondly the velocity of nanoparticle at different times is
calculated by the Newton’s second law.

The input parameters of the sub-model are p; (density of
liquid-phase), prn, pbo, pn (density of nanoparticle), dyo, dn
(diameter of nanoparticle), o.,, p. (dynamic viscosity of
liquid-phase), u.n (dynamic viscosity of liquid-phase with
nanoparticles), M (molar mass of gas), Tsa, kg (Boltzmann
constant), A (heating surface area), po (ambient pressure above
liquid-level), myo (original mass of liquid-phase), f, Upo, N and
At (time step). The output parameters of the sub-model are vy, ¢
(velocity of rising bubble at the moment of t), Locy, « (location of
rising bubble at the moment of t), dy (diameter of rising
bubble at the moment of t), Ly (liquid-level height at the
moment of t), v, « (velocity of nanoparticle at the moment of t).

(1) Forces on bubble

The forces on the bubble include Fiep (fluid resistance
force), Fpuop (buoyancy force) and Fgy, (gravity force). The
resultant force can be calculated as Eq. (5):

— — — —
I:‘total.b = Fre,b + Fbuo.b + Fg.b (5)

In Eq. (5), Fyuop and Fgy, are calculated by Egs. (6) and (7),
respectively.

Fouob = ¢ 26100 (6)
™
Fgp = gdgopbog @)
Frep can be calculated by Eq. (8).
Frep = gdlz)pL,nCDUtz) (8)

In Eq. (8), Cp is the resistance coefficient, and can be calcu-
lated by Eq. (9) (Tomiyama et al., 1998).

B 24 oes7y 8 _EO .
Cp = max Re(l +0.15Re%¥) | 3Eo14d (9-3)
d
Re = 2% (9-b)
Min
d2
Eo = 9PLn% (9-0)
OLn

(2) Velocity and location of rising bubble

The velocity and location of rising bubble are calculated
based on the acceleration yielded by Eq. (10):

T
ap = Frotalb/ (g d}iol)bo) (10)

The velocity of rising bubble at the moment of t can be
calculated as:

At
Upt = Ubt-at + / apdt (11)
0

where, At is time step, and Uy ¢ is the velocity before At.
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The location of rising bubble at the moment of t can be
calculated as:

At
Loy = LOCps_at + / Up(t)dt (12)
4

where, Loc, ¢ a¢ is the location before At.
(3) Size of rising bubble

In the rising process of bubble, the volume of bubble
increases with time because the pressure outside bubble
decreases with time. The phenomenon can be described
according to the balance between the pressure inside bubble
( pin) and the pressure outside bubble ( poy:), as shown in Eq. (13).

™
5 ngPmeTsat

4o,
MVy = Pam + PLAng(Lt — Locb_t) + Ln (13)

do,e

The left part of Eq. (13) is pin, While the right part of Eq. (13) is
Pout-

In Eq. (13), Vb, and dp are the volume and diameter of
bubble at the moment of t; Ry, is the universal gas constant,
i.e., 8.314 ) mol~* K™%; M is the molar mass of gas; par, is the
ambient pressure above liquid level (i.e., the vapor-phase
pressure); L; is the liquid-level height at the moment of t.

The relationship between Vy,; and dy : can be expressed as
Eq. (14)

Ve = gd;t (14)
L; can be calculated by Eqg. (15).

L my — NfA (gﬂbodgo)t

' pLA (15)

According to Egs. (13)—(15), Eq. (16) can be obtained for
calculating dy, ¢

dgopboRstat _ 4orn _ PLn9
1\/[6113)_t dp ¢ pLA

T
(mm — ENfApodint - pLALocb_t) 4P

(16)
(4) Forces on nanoparticle

The forces on the nanoparticle include Frey, (fluid resis-
tance force), Fyuo,n (buoyancy force), Fg, (gravity force) and
Ferownn (Brownian force). The resultant force can be calcu-
lated as Eq. (17):

— — — — —
1:‘total.n = Fre.n + Fbuo,n + Fg‘n + 1:‘Brown‘n (17)

In EQ. (17), Fouon, Fgn are calculated by Egs. (18) and (19),
respectively.

T
Fbuo‘n = g diPLQ (18)

Y
FSJ‘ = gdipng (19)
Fren can calculated by Eq. (20) according to Stokes’ draglaw.

1Tre,n = 37TNLdnUn (20)

Ferown,n can calculated by the equation proposed by Li and
Ahmadi (1992), shown as follows.

_ 216,“«L]QBTsat
1:‘Brown.n =G W (21)

where, G is the random number with normal distribution, the
Boltzmann constant kg = 1.381 x 10723 J K%

(5) Velocity of nanoparticle

The acceleration of nanoparticle is calculated by Eq. (22).
T
an = Ftotal.n/(g dipn) (22)

The velocity of nanoparticle at the moment of t can be

calculated as:
At

Unt = Untat + / andt (23)
0

where, At is time step, and vp_a: is the velocity of nano-
particle before At.

2.4. Nanoparticles—bubble interaction sub-model

The nanoparticles—bubble interaction sub-model is used to
simulate the capture of nanoparticles by bubble. In this sub-
model, the nanoparticles capture efficiency is calculated
according to flotation theory combining particles trapping
theory.

The input parameters of the sub-model are dy ¢, dn, Ub t, p1,n,
ks and Tsa. The output parameter of the sub-model is E;
(nanoparticles capture efficiency at the moment of t).

According to flotation theory (Nguyen et al., 1998; Ralston
and Dukhin, 1999; Dai et al., 1999), the process of the parti-
cles captured by a bubble can be divided into three steps: the
particles-bubble collision, the particles-bubble attachment
and the particles-bubble detachment. The particles capture
efficiency meaning the fraction of particles captured by
a bubble, E, can be calculated by Eq. (24).

E = E.Eq(1 - Eq) (24)

where, E. is the collision efficiency, meaning the fraction of
particles colliding with a bubble; E, is the attachment effi-
ciency, meaning the fraction of particles actually attaching
to the bubble surface; Eq is the detachment efficiency,
meaning the fraction of particles detaching from the bubble
surface.

For the particles with very small size, E, is approximately
equal to 1, and E4 is negligible (Yoon, 2000). Therefore, for
nanoparticles, the capture efficiency E can be calculated as:

E=E. (25)

The process of particles-bubble collision can be considered
as a trapping process of particles by bubble, and the collision
efficiency E. can be expressed as Eq. (26) (Edzwald et al., 1990).

E.= Ec.D +Eci+ Ec,G + Ec.In (26)

where, E.p, Ec1, Ecc and Eqn are the collision efficiencies
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caused by Brownian diffusion, interception, gravity settling
and inertial impaction, respectively.

The nanoparticle diameter is much less than the bubble
diameter in the pool boiling process of refrigerant-based
nanofluid, causing the Brownian diffusion is the control-
ling mechanism of particles-bubble collision (Nguyen et al.,
2006), and E.; E.c and E.;, are negligible. Therefore,
nanoparticles capture efficiency at the moment of t, E, is
equal to E.p+, shown as Eq. (27) (Edzwald et al., 1990).

2
kBTsat )§
Ei=09—7F—5— 27
' <ML.ndb,tdnUb,t @)
2.5. Nanoparticles escape sub-model

The nanoparticles escape sub-model is used to simulate the
escape of nanoparticles from the liquid—vapor interface. In
this sub-model, firstly the forces on the spouted nanoparticle
in the vapor phase are calculated; secondly the velocity and
location of nanoparticle at different times are calculated by
the Newton’s second law; finally the nanoparticles escape
probability is obtained.

The input parameters of the sub-model are H (height of
vessel), D (bottom diameter of vessel), and L;. The output
parameter of the sub-model is P; (nanoparticles escape
probability).

When the bubbles with the captured nanoparticles rise to
the liquid—vapor interface, the bubbles break immediately,
and the nanoparticles are spouted to the vapor-phase. Some
of spouted nanoparticles will leave from the vessel, and are
called as the escaped nanoparticles. However, the other
spouted nanoparticles will return to the vessel after a period
of time. In order to quantitatively describe the escape of
nanoparticles from the liquid—vapor interface, nanoparticles
escape probability, Py, is defined in this paper to be the ratio of
the number of escaped nanoparticles to that the number of
captured nanoparticles by bubbles.

nanoparticle

liquid-vapor

interf: :
lnerace\ /'9 X

Y

H-L,

D

Fig. 3 — Schematic of the spouting process of nanoparticles.

Fig. 3 shows the spouting process of nanoparticles. In Fig. 3,
Uox and ug y represent the initial velocity in X-axis and Y-axis,
respectively. ¢ is the projectile angle. upx and upy can be
calculated by Egs. (28) and (29), respectively (Fung and
Hamdullahpr, 1993).

Uox = <1 _! )uo_maxsin 9 (28)
0max

0
Uoy = <1 - emax) Uo maxCOS ¢ (29)

where, 0max is the maximum projectile angle, and ug max is the
maximum projectile velocity.

The forces on the spouted nanoparticle include Fye p 5 (fluid
resistance force), Fyyuon,s (buoyancy force), Fg ,, s (gravity force).
The resultant force can be calculated as Eq. (30):

— — — —
Ftotal,n,s = Fre.n.s + 1:‘buo,ns + an,s (30)
In Eq. (30), Fouons and Fg ¢ are calculated by Egs. (31) and

(32), respectively.

™
Fbuo,n = g dil’vg (31)

T
Fgn = dnrng (32)

In Eq. (31), pv is the density of vapor-phase.
Fren,s given by Kleinstreuer (2003) is in the form as follows.

Frens = 3muydau/Ce (33)

In Eq. (33), C. is the Cunningham slip correction factor to
Stokes’ drag law, and can be calculated by Eq. (34).

Ce=1+ ?(1.257 +0.4e 1 1d/1) (34)
n

where, 2 is the gas molecular mean free path (Kleinstreuer,

2003).

As the nanoparticle diameter is very small, the buoyancy
force and the gravity force are much less than the fluid
resistance force, and can be ignored. Therefore, according to
Newton’s second law, the velocity at the moment of t in X-axis
and Y-axis are calculated by Egs. (35) and (36), respectively.

t

" Fr ,N,8.X
e = s + [ 722t (35)
0 gdnpn
/ F
Uty = Uoy + /ﬁre:.s,y dt (36)
0 gdnpn

By introducing Eq. (33) to Egs. (35) and (36), there are:

18uyt

Uy = Uox@ pndiCe (37)
18uyt

Uty = Ugye pnd;Ce (38)

According to Egs. (37) and (38), the displacements at the
moment of t in X-axis and Y-axis can be calculated by Egs. (39)
and (40), respectively.
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18uyt

Stx ngf‘sc Uox | 1— e PdiCe (39)
pnd?Ce - 13:\/;

Sty = ;8;\, Uoy [ 1 —e Pnlate (40)

The nanoparticles spouted in the positive X direction can
leave from the vessel if they meet the following condition.

St,x<D*Di (41)

Sty ~ H—1L¢

According to Egs. (28), (29), (39) and (40), Eq. (41) becomes:

D — D
<
0 < arctan ( T Lt) (42)

Similarly, the nanoparticles spouted in the negative X
direction can leave from the vessel if they meet Eq. (43).

D;
<
6 < arctan (H — Lt> (43)

Therefore, for the bubble at the location of (D;, 0), the nano-
particles escape probability, P(D;), can be calculated by Eq. (44).

Di > + arctan <D — Di)
H-L H-L )
21

arctan (

P(Dy) =

The nanoparticles escape probability for the whole
liquid—vapor interface can be considered as the mean
value of nanoparticles escape probability for all bubbles
at the liquid—vapor interface, and can be calculated as
follows.

/ P(D;)dS
I 1 D\ H-L. [ D
R <H7Lt> 20 Ly @
2.6. Migration ratio sub-model

The migration ratio sub-model is used to calculate the
migration ratio of nanoparticles from the beginning of the
pool boiling to a fixed moment. In this sub-model, the
migration ratio of nanoparticles is obtained by flotation theory
combining the analysis on the boiling process, and is the
output parameter of the whole model.

The input parameters of the sub-model are py, pro, dbo, Mo,
N, f, A, dvt, dn, Ubt, Unt, Er, Py, Mpo (original mass of nano-
particles), and At. The output parameter of the sub-model is
£, (migration ratio of nanoparticles from the beginning of
the pool boiling t, to the moment of t;).

According to flotation theory (Nguyen et al., 1998), the mass
of nanoparticles in the liquid-phase changed with time can be
expressed as:

Tt 2Tt Py -+ dn) (U + Un ) Celt (ADE: (46)

where, My . ar and my; are the mass of nanoparticles in the
liquid-phase at the moment of t + At and t, respectively; C; is
the ratio of mass of nanoparticles in the liquid-phase to the
volume of liquid-phase at the moment of t; ny(At) is the
number of bubbles generated during the time of At. C; and
np(At) can be calculated by Egs. (47) and (48), respectively.

Mn +p1,
Ci = i (47)
myo — NfA (g Pbodgo) t
ny(At) = NfAAL (48)

The nanoparticles escape from liquid-phase to vapor-
phase when the bubbles rise to the liquid—vapor inter-
face. Therefore, the migration of nanoparticles only occurs
at the moment of t;, and t; should meet the following
condition.

Locyy, = Ly, (49)

From the beginning of the pool boiling t; to the moment of
tj, the migration ratio of nanoparticles can be calculated by
Eq. (50).

j-1

1
gtO’tj = mino ; Ammtrtm Ptm (50)

3. Algorithm
The algorithm of the model is introduced in detail as follow.

Step 1: Input parameters including muo, My, Mo, dn, pn, Cpn, Pr,
Mr, Or,y Cp,r: Pos Moy Oo, Cp,o: hfgy pvo, A, D, H, Pam, Tsat q, At
and trotal-

Step 2: Calculate the thermophysical properties of liquid-

phase with nanoparticles including Cp1n, #Ln, oLn
and pr, , using the equations in Appendix I.

Step 3: Calculate the departure diameter of bubble, the
departure frequency of bubble, the velocity of
departure bubble and the active nucleation sites
density. dyo is calculated by Eq. (1), f is calculated by
Eq. (2), uno is calculated by Eq. (3), and N is calculated
by Eq. (4).

Step 4: Simulate the movement of bubble and nano-
particles in the liquid-phase. The forces on the
bubble are calculated by Egs. (5)—(8). Up+t, LoCbt, L,
dp,: are calculated by Egs. (11), (12), (15) and (16),
respectively. The forces on the nanoparticle are
calculated by Egs. (17)—(21), and vy, is calculated
by Eq. (23).

Step 5: Simulate the capture of nanoparticles by bubble. E; is
calculated by Eqg. (27).

Step 6: Simulate the escape of nanoparticles from the lig-
uid—vapor interface. P; is calculated by Eqg. (45).

Step 7: Calculate the mass of nanoparticles in the liquid-phase

at the moment of t (my ) by Egs. (46)—(48).
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Step 8: Compare Loy, with Le. If [Loc, ¢ — L¢| < ¢, let t; = t. If
Locpt < Ly, lett =t + At, and return to Step 2. If Locy, + > Ly,
turn to Step 9.

Step 9: Lett = (1/2)(t + t — At), and return to Step 2 until |Locy, ; —
L <e.

Step 10: Judge the loop. If Steps 2—9 have been carried out for
tiota/ At times, Step 11 is executed. If not, Step 2 is
executed

Step 11: Calculate and output &, .

In order to show the present model clearly, the equations
used in the simulation are listed in Appendix IL

4. Experimental validation

The experimental data of the migration ratio of nanoparticles
from the beginning to the end of pool boiling in the PartI of the
present study are used to validate the model.

In the input parameters to the model, the values of A, D, H,
and pam, are the same as those used in the experiments in the
Part I of the present study, and are 50 mm, 19.6 cm?, 95 mm,
101.3 kPa. Tg,t are 47.6 °C, 32.1 °C and 36.1 °C when the host
refrigerants are R113, R141b and n-pentane, respectively. The
thermophysical properties of nanoparticle and refrigerant are
listed in Tables 1 and 2 in the Part I of the present study. The
thermophysical properties of lubricating oil RB68EP are
referred to the literature (Hu et al., 2008).

Fig. 4 shows the comparison between the predicted values
of the model with the experimental data for different nano-
particle types. It can be seen that both the migration ratio of
nanoparticles predicted by the model and the experimental
data are in the order of Al (20 nm) > Al,05 (20 nm) > Cu (20 nm.
This phenomenon is resulted from the effect of nanoparticle
density on the nanoparticle velocity, and this effect can be
predicted by the bubble and nanoparticle kinetics sub-model. It
can also be seen that the predicted values of the model can
agree with 86% of the experimental data within a deviation of
—10%—+20%, and the mean deviation is 10.3%.

Fig. 5 shows the comparison between the predicted values
of the model with the experimental data for different nano-
particle sizes. It can be seen that both the migration ratio of
nanoparticles predicted by the model and the experimental
data are in the order of Cu (20 nm) > Cu (50 nm) > Cu (80 nm).
This phenomenon is resulted from the effects of nanoparticle
size on the nanoparticle velocity as well as the nanoparticles
capture efficiency, and these effects can be predicted by the
bubble and nanoparticle kinetics sub-model as well as the
nanoparticles—bubble interaction sub-model. It can also be
seen that the predicted values of the model can agree with
95% of the experimental data within a deviation of +20%, and
the mean deviation is 11.2%.

Fig. 6 shows the comparison between the predicted values
of the model with the experimental data for different refrig-
erant types. It can be seen that that both the migration ratio of
nanoparticles predicted by the model and the experimental
data are in the order of R141b > R113 > n-pentane. This
phenomenon is resulted from the effects of refrigerant
dynamic viscosity and refrigerant liquid-phase density on the
nanoparticle velocity, the nanoparticles capture efficiency and

50
O Cu(20nm) Exp. Cu (20nm) Pre.
® Al (20nm) Exp. = =-- Al (20nm) Pre.
40 L A AlLO, (20nm) Exp. - == ALO, (20nm) Pre.
\.
\.
\-
0F @7~ s
L S
—_~ N =< .‘-""-.
> o o~
> A S -
s = AN g
20 -
o R113 x=0wt%
¢=50kWm~ £=2.0 cm
0 1 1 1
0.0 0.4 0.8 1.2 1.6

RS,

Fig. 4 — Comparison between the predicted values of the
model with the experimental data for different
nanoparticle types.

the number of bubbles. These effects can be predicted by the
bubble and nanoparticle kinetics sub-model, the nano-
particles—bubble interaction sub-model, and the migration
ratio sub-model. It can also be seen that the predicted values of
the model can agree with 95% of the experimental data within
a deviation of —15%—+20%, and the mean deviation is 12.1%.
Fig. 7 shows the comparison between the predicted values of
the model with the experimental data for different mass frac-
tions of lubricating oil. It can be seen that both the migration

35
O  Cu(20nm) Exp. Cu (20nm) Pre.
20 | ® Cu(50nm) Exp. —-—-- Cu (50nm) Pre.
A Cu (80nm) Exp. - - = Cu (80nm) Pre.
2 | R113 xu=(3wl%
g=50kWm™ L=2.0 cm
11| S
9
15 - o

10 |

2, (%)

Fig. 5 — Comparison between the predicted values of the
model with the experimental data for different
nanoparticle sizes.
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Fig. 6 — Comparison between the predicted values of the
model with the experimental data for different refrigerant

types.

ratio of nanoparticles predicted by the model and the experi-
mental data decrease with the increase of mass fraction of
lubricating oil. This phenomenon is resulted from the effects of
mass fraction of lubricating oil on the bubble departure diam-
eter as well as the nanoparticles capture efficiency, and these
effects can be predicted by the bubble departure sub-model as
well as the nanoparticles—bubble interaction sub-model. It can
also be seen that the predicted values of the model can agree

18
O x =0wt% Exp. x =0 wt% Pre.
® x =I1w%Exp. —-=-x =1wt%Pre.
15 - A x =5wt%Exp. === x =5wi% Pre.
¥ x =10 wt% Exp. = x =10 wt% Pre.
12 o CuO (40nm) RI113
o g=50kWm” L=2.0 cm
S 9t
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6 |
3L
0
0.0 1.6
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Fig. 7 — Comparison between the predicted values of the
model with the experimental data for different mass
fractions of lubricating oil.

18
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16 A ¢=50 KkWm™ Exp. --- ¢=50 KWm™ Pre
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4F O
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grc)

Fig. 8 — Comparison between the predicted values of
the model with the experimental data for different heat
fluxes.

with 96% of the experimental data within a deviation of +£20%,
and the mean deviation is 12.9%.

Fig. 8 shows the comparison between the predicted values
of the model with the experimental data for different heat
fluxes. It can be seen that both the migration ratio of nano-
particles predicted by the model and the experimental data
decrease with the increase of heat flux. This phenomenon is
resulted from the effect of heat flux on the velocity of depar-
ture bubble, and this effect can be predicted by the bubble
departure sub-model. It can also be seen that the predicted

28
0O [=13cmExp. ——L=1.3 cm Pre.
® [=2.0cmExp. —-—--L=2.0cm Pre.
24 - A [=27cemExp. --- [=27cm Pre.
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20 V
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16
g 12
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0.0 0.4 0.8 1.2 1.6
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Fig. 9 — Comparison between the predicted values of the
model with the experimental data for different initial
liquid-level heights.
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values of the model can agree with 86% of the experimental
data within a deviation of +£20%, and the mean deviation is
12.6%.

Fig. 9 shows the comparison between the predicted values
of the model with the experimental data for different initial
liquid-level heights. It can be seen that both the migration
ratio of nanoparticles predicted by the model and the exper-
imental data increase with the increase of initial liquid-level
height. This phenomenon is resulted from the effects of
initial liquid-level height on the nanoparticles escape proba-
bility as well as the bubble rising time duration, and these
effects can be predicted by the nanoparticles escape sub-
model as well as the migration ratio sub-model. It can also
be seen that the predicted values of the model can agree with
89% of the experimental data within a deviation of +20%, and
the mean deviation is 12%.

In the present model, four sub-models including the bubble
departure sub-model, the bubble and nanoparticle kinetics
sub-model, the nanoparticles—bubble interaction sub-model
and the nanoparticles escape sub-model are built to describe
the whole physical process of the nanoparticles migration. In
these sub-models, some parameters (i.e,, the departure
diameter of bubble, the departure frequency of bubble, the
resistance coefficient on the bubble, the Brownian force on the
nanoparticle and the nanoparticles capture efficiency) need to
be calculated by the empirical correlations. Cole—Rohsenow
correlation, Malenkov correlation, Tomiyama et al. correla-
tion, Li and Ahmadi correlation and Edzwald correlation are
used in the present model to calculate the above parameters
respectively. As these existing empirical correlations have
good accuracy, the reliability of the present model can be
guaranteed.

In summary, the predicted values of the model agree with
90% of the existing experimental data of migration ratio of
nanoparticles within a deviation of +20%, and the mean
deviation is 12.1%. The model can predict 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 nanoparticles.

5. Conclusions

The migration of nanoparticles from liquid-phase to vapor-
phase in the refrigerant-based nanofluid pool boiling can be
divided to four processes including the departure of bubble
from the heating surface, the movement of bubble and
nanoparticles in the liquid-phase, the capture of nano-
particles by bubble, and the escape of nanoparticles from the
liquid—vapor interface. Using dynamic model and intro-
ducing some parameters such as the nanoparticles capture
efficiency and the nanoparticles escape probability are
effective to predict the migration ratio of nanoparticles.

The model proposed in this study can predict the influ-
ences of nanoparticle type, nanoparticle size, refrigerant type,
mass fraction of lubricating oil, heat flux and initial liquid-
level height on the migration of nanoparticles. The migra-
tion ratio of nanoparticles predicted by the model can agree
with 90% of the experimental data of within a deviation of
+20%, and the mean deviation is 12.1%.
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Appendix 1. Calculation of the properties of
liquid-phase with nanoparticles.

Property

Model for calculating property

Author

Specific heat (J kg ' K™Y

Viscosity (Pa s)

= eoln kot (1=%o)In i) (A4)

Surface tension (N m~?) aLn = a1, (A5)

oL = 01 + (00 — 01)x3° (A6)

Density (kg m™)
Xo 1—%o _
pL=(—+——
Po Pr

Cp,L,n = (1 - (Pn)cp.L aF (Pncp.n (Al)
Cpr = (1 —%0)Cpr +X:Cp (A2)

1
fLn = b (A3)
R P

)" (A8)

mn,tpr

Pak and Cho (1998)
Jensen and Jackman (1984)

Brinkman (1952)
Kedzierski et al. (1993)

Das et al. (2003)
Jensen and Jackman (1984)

prn = (1= @n)pL + ¢npn (A7)

(A9)

Volume fraction of nanoparticles On =
in the liquid-phase with
nanoparticles (vol%)

mo

T
M ¢y + (Mo + Myo — gpbongNfAt)pn

Mass fraction of lubricating oil Xo =
in the liquid refrigerant-oil
mixture (Wt%)

- T
Mo + Myo — gpbod%ONfAt

(A10)
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Appendix II. Equations used in the simulation.

Sub-model

Equation

Function

Bubble departure sub-model

Bubble and nanoparticle
kinetics sub-model

Nanoparticles-bubble
interaction sub-model

Nanoparticles escape
sub-model

dpo = 4.65 x 1074
5
(pL‘nCp.L.nTsat)‘l( OLn )
Pbohfg g(pL.n - pbO)

1 { |:db09(pLAn )

[N

(A11)

f

" Tdbo | | 2(on + Pb0)

) 20'L,n (pL,n - pb0)9:| 12 \ q (A12)
dpod(PLn + Pro) hsgppo

Uy — dpo9(Prn — Poo)
o 2(pLn + Pro)

1/2
,20Ln (PLn — I’bO)g} q (A13)

' dpod (PLn + Pro) htgpro

q
N—— % (a19)
™
hfgﬂbog diof

= — —= —=

Ptota],b = Fre,b + Fpuop + Fg,b (Als)
™

Fouop = gdlgapL.ng (A16)

™
Fgp = gdgoﬂbog (A17)

T
By = gdgvancDuf, (A18-a)

Cp=max [%(1+015Re°687) ,g%] (A18-b)

T
Upt = Ubt-at + foM Frotalb/ (g d}iol’bo)dt (A19)
Locht = Locy e at + J;)M Uy (t)dt (A20)
0
myo — NfA (g ﬂbodgo)'c
==
PL

@3 ppoRmT: 4 T
boPb0Rmsat  40Ln __ PLng _ - 3
TME, de  pA (mLO 6Nprb0db0t

(A21)

7pLAL0cb~t) + Pam (A22)

— - — - -
Ftotal,n :TEFreAn + Fbuo.n + Fg.n + F Brownn (A23)
Fouon = gdgpLg (A24)

T
Fgn = 5 diﬂng (A25)
Fren = 3mudnUn (A26)

2164 RpTsat
md3 pp At

T
Unt = Unt-at + fom Ftotal,n/(gdipn>dt (A28)

FBrown,n =G (A27)

2

kpTsat 3
Et=09|———— | (A29
¢ <I~LL.ndb.tngb,t ( )

arctan ( Di ) +arctan (DfDi>
P(D)) = Bl HoLd (as0)

Calculate the departure diameter of
bubble

Calculate the departure frequency of
bubble

Calculate the velocity of departure bubble

Calculate the active nucleation sites
density

Calculate the forces on the bubble

Calculate the velocity of rising bubble

Calculate the location of rising bubble

Calculate the liquid-level height

Calculate the diameter of bubble

Calculate the forces on the nanoparticle

Calculate the velocity of nanoparticle

Calculate the nanoparticles capture
efficiency

Calculate the nanoparticles escape
probability
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Appendix (continued)

Sub-model

Equation

Function

Migration ratio sub-model — et — gk 4 @)

(Ubt + Un,t)Cenp (At)E¢

C=— Mt (a3

= T
mgo — NfA (g Pbodgo>t
1y(At) = NfAAE (A33)
j,

a
1
€ty = o Z Ay, Py, (A34)
1

i=0

(A31)

Calculate the mass of nanoparticles in the
liquid-phase

Calculate the migration ratio of
nanoparticles
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