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Abstract
Recently, nanofluids are employed as the new generation of coolants specifically in boiling-mode cooling systems. In the present
study, the convection heat transfer of boiling nanofluids through micro/minichannels is analytically investigated. Effects of
nanoparticles deposition on heat transfer and fluid flow behavior of boiling nanofluids are comprehensively discussed.
Nanoparticles deposition during flow boiling is found to cause different effects due to corresponding thermal conductivities.
The proposed model validation was found to be in a good accordance with the results of previous studies.

1 Introduction

Nowadays, flow boiling is used in a variety of industrial sec-
tors, such as air conditioning, refrigeration, chemical engi-
neering, aircraft environmental control, spacecraft, thermal
management, high-power electronics component cooling,
and nuclear reactor cooling [1, 2]. Conventional coolants in
the heat transfer applications are mostly deficient in thermal
properties which restricts the system overall thermal perfor-
mance. In the last two decades, using nanoparticles especially
metal particles, to improving thermal properties of the fluids,
has been developed in a wide range of industries (e.g., cooling
of microchips, cancer theraupetics and nuclear reactors).
These new types of fluids, known as nanofluids, are the sus-
pensions of nanometer-sized solid particles, rods or tubes in
conventional coolants.

Adding nanoparticles to the pure boiling flow can improve
the thermal performance of the pure fluid [3–5]. although in
some cases, the contrary issue has been observed [5–7].
Henderson et al. [6] experimentally studied on the SiO2 and
CuO-nanofluids in flow boiling. They found that using of
SiO2 nanoparticles in the R-134a as the base fluid, decreases
the heat transfer coefficient down to 55% relative to the pure

fluid. It was observed that by using theCuO nanofluid, heat
transfer coefficient enhances more than 100% compared to the
base fluid.

An experimental study by sarafraz and hormozi [8],
showed a degradation of heat transfer coefficient by an in-
crease in the volume concentration of nanoparticles.
Chehade et al. [5] experimentally evaluated effects of Ag
nanoparticles on the convective boiling heat transfer in
minichannels. They found that Ag nanofluid provides much
more heat transfer rate in comparison of the pure fluid. They
claimed that an enhancement up to 165% can be achieved
byvolume concentrations lower than 0.0005%.

Microscopy-based observations of pipe wall in flow boil-
ing of nanofluids, revealed that nanoparticle deposition on the
boiling surface commonly occurs and the surface modification
due to the deposition of nanoparticles, has a major role by
influencing the fluid thermal behavior [9–11]. One of the pa-
rameters whichmostly affected by nanoparticles deposition, is
the critical heat flux (CHF). Most of the studies in the field of
nanoparticle deposition, are devoted to pool boiling modes,
while the effects of coated surface as a porous structure on the
thermal behavior of the boiling flow are still not known. Some
other studies on convective boiling, have mostly ignored the
deposition effects.

Few works have concerned CHF in flow boiling of
nanofluids. Kim et al. [12] evaluated CHF of Al2O3
nanofluids experimentally. They found 70% enhancement in
the CHF using Al2O3 nanofluid for flow boiling. The en-
hancement was attributed to the deposition of the nanoparti-
cles which result in the better wettability. Lee et al. [13]
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experimentally observed 100% enhancement in the CHF of
GO/water nanofluid in the subcooled flow boiling. It was
found that the nanoparticles deposited on the surface, modifies
the surface wettability by reducing the contact angle.

As stated before, most of available studies concerning
thermal behavior of nanofluids in boiling mode are
experimental; although there are few numerical studies in
the literature, covering a few number of problems [14, 15].
Abedini et al. [14] proposed a numerical model using Mixture
method for simulation of subcooled boiling of Al2O3/water
nanofluids. Their results showed that thermal conductivity is
the key factor responsible for nanofluid heat transfer
enhancement. Due to the small number of numerical studies
on the flow boiling of nanofluids [16–18] some studies on
pure fluid flow boiling have also been investigated in the
present study.

Baniamerian et al. [16] simulated the annular flow regime
analytically. The purpose of the model was to predict the oc-
currence of the film dryout for different type of coolants.
Harirchian et al. [17] conducted a numerical study to obtain
heat transfer coefficient and pressure drop in slug flow and
annular/wispy annular pure flow.

Using nanofluids as coolants in the boiling cooling systems
are well accepted as the matter of CHF, HTC and dryout
length increments. Since some thermal deterioration was re-
ported in the literature, further studies must be accomplished
to clarify the mentioned problem. Some parameters like
Latent Heat of Evaporation (LHE), conductivity, surface con-
ditions and etc. are changed because of using nanofluids in-
stead of the pure fluid. The first two parameters were previ-
ously considered by [19, 20]. while the investigation of the
other ones, is the main purpose of this study.

In the present study, effects of nanoparticles deposition on
the thermal performance of the cooling system is investigated
by a mathematical model. Effects of adding nanoparticles, and
their types (with different thermal conductivities) and concen-
trations on heat transfer are comprehensively discussed.
Different thicknesses of the deposition layer may affect the
convective boiling of the fluid flow which has been compre-
hensively discussed for the annular flow regime in this study.

2 Model development

Annular regime of nanofluid in microchannels is investigated
in this study. The geometry of the problem is shown in Fig. 1.
The temperature-constant thermal boundary condition is as-
sumed on the microchannel wall. The fluid flow is considered
to be in annular regime at the inlet of the micro channel. Flow
conditions at the inlet are set based on the onset of annular
pattern. In the annular pattern, vapor flows at the center of the
microchannel surrounded by liquid (nanofluid) as a thin film
adjacent to the channel wall (Fig. 1). The liquid film is the

nanofluid which is modeled as a homogeneous mixture of the
base fluid and nanoparticles. Due to entrainment contribution
of mass transfer some liquid droplets are entrained in to the
vapor flow and in this regard the vapor core is simulated as a
homogenous mixture of the vapor and entrained droplets. The
annular flow pattern provides the maximum amount of heat
transfer among other flow patterns [21] This issue along with
the fact that annular flow pattern is the last and the most stable
experienced regime in two-phase flows, has augmented the
prominence of this flow pattern more than a common regime
of two-phase flow. The following assumptions are considered
in the present study:

1. The annular flow is steady and incompressible.
2. Fluid is in saturation condition
3. The inlet working fluid is at saturation conditions and

phases are at thermodynamic equilibrium.
4. Pressure is not uniform across the channel’s cross-

sectional area.
5. Gravity force is concerned.
6. Liquid film thickness is circumferentially uniform due to

the strong surface tension effects in mini/micro-
channels.

7. Three mechanisms of mass transfer including evapora-
tion, entrainment and deposition are considered.

8. Mass transfer occurs only at the vapor–liquid interface.
9. The two phases, flow separately in the channel.

10. Effects of deposition of nanoparticles on the boiling sur-
face are considered.

2.1 Nanofluids

Thermo-physical properties of nanofluids can be calculated by
considering the nanofluid as a homogeneous mixture of the
fluid and nanoparticles. In this regard, density of nanofluids,
ρlnf is correlated by Pak and Chu [22]:

ρlnf ¼ ρp∅þ ρ f 1−∅ð Þ ð1Þ

Where ρp and ∅, denotes particles density and particles
volume fracions respectively. Also index Bf^ denotes the base
fluid.

Dynamic viscosity of nanofluids μlnf, can be computed by
the following correlation [22]:

μlnf ¼ μ f
1þ 0:5∅
1−∅ð Þ2

 !
ð2Þ

Nanoparticles’ high conductivity, nanolayers ordering and
the Brownian motions of nanoparticles are responsible for the
higher conductivity of nanofluids [23], Although some studies
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indicate that the Brownian motions are not as effective as the
other parameters on the conductivity of nanofluids [24–26].
The following equation is employed in this study for calcula-
tion of nanofluids conductivity [27]:

klnf ¼ kp−klr
� �

∅klr 2γ1
3−γ3 þ 1

� �þ kp þ 2klr
� ��

�γ1
3 ∅γ3 klr−k f

� �þ k f
� ��

γ1
3 kp þ 2klr
� �

− kp−klr
� �

∅ γ1
3 þ γ3−1

� �� �−1
ð3Þ

In the above model, the solid/liquid interface around the
nanoparticles, is considered individually as an effective layer
on the conductivity. klr accounts for the thermal conductivity
of the interfacial layer. As found by Zhao et al. [23], klr should
not excess the conductivity of the base fluid in solid phase.
The conductivity of the pure water, which has been considered
in this study, is about 4kf in solid phase. Thereupon thermal
conductivity of nanolayers should lay in this range:

k f < klr < 4k f ð4Þ

So klr is assumed to be 3.75 times bigger than the thermal
conductivity of the base fluid. γ and γ1 in Eq. (3) are defined
by:

γ ¼ 1þ h
rp

γ1 ¼ 1þ h
2rp

ð5Þ

Thermal capacity of nanofluid is calculated by the correla-
tion of Pak and Chu [22]:

cplnf ¼
∅ρpcpp þ 1−∅ð Þρ f cp f

� �
ρlnf

ð6Þ

Where cpp and cpf are specific thermal capacities of nano-
particles and the base fluid respectively.

2.1.1 Effects of nanoparticles deposition

Deposition of nanoparticles on the channel wall espe-
cially when the evaporation enhances, results in a thin
nanoparticle porous coating layer appearing on the solid
surface during the evaporation process as shown in
Fig. 2. This issue influences the fluid flow and thermal
behavior of nanofluids. Consequently, a layer of nano-
particles deposition is considered on the walls along the
channel.

The fluid flow through the porous coating layer can
be characterized by the one-dimensional Darcy equation
[28]:

dpl
dz

¼ μ f ucoat
KP

ð7Þ

Where ucoat accounts for the average fluid flow velocity
through the porous coating layer and Kp denotes the perme-
ability of the layer.

The liquid pressure gradient in both the liquid film
and the porous coating layer is due to the liquid evap-
oration at the liquid–vapor interface not because of the
extra force from the intrinsic meniscus [23]. Therefore,
the liquid pressure gradient in the porous coating layer
cannot be larger than that in the evaporating liquid film
[23]. In this regard the maximum liquid pressure gradi-
ent in the porous coating layer is assumed to determine
the pressure gradient in the liquid film.

Rearranging the Eq. (7) based on ucoat, gives:

ucoat ¼ dpl
dz

KP

μ f
ð8Þ

Fig. 1 Schematic of the
investigated problem
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The permeability of the coating layer is calculated by using
hydraulic radius model [29], assuming spherical shapes for
nanoparticles:

KP ¼ ε3

36kk 1−εð Þ2 dp
2 ð9Þ

kk is the Kozeny constant which is assumed 5 in this study
[29].

2.2 Governing equations

2.2.1 Mass conservation

The total mass flow rate through the pipe, ṁ is consisted of
liquid mass flow rate, ṁl, entrained mass of droplets, ṁe and
vapor mass flow rate, ṁg which can be stated mathematically:

m˙ ¼ m˙ l þ m˙ g þ m˙ e ð10Þ

The ratio of each contribution to the total mass flow rate is
specified as liquid film quality,, entrained droplet quality, e,
and vapor quality, x.

l ¼ ṁl

ṁ
ð11Þ

x ¼ ṁg

ṁ
ð12Þ

e ¼ ṁe

ṁ
ð13Þ

The vapor quality is set equal to the thermodynamic equi-
librium quality.

By definite qualities for the vapor and entrained droplets at
the onset of annular flow regime, liquid and vapor mass flow
rates can be obtained:

m˙ l ¼ 1−x0−e0ð Þm˙ ð14Þ
m˙ g ¼ x0m˙ ð15Þ
m˙ e ¼ e0m˙ ð16Þ

The initial vapor quality at the onset of annular flow regime
is calculated from the proposed correlation of Taitel and
Dukler [30]. In the model of Taitel and Dukler, the
Martinelli parameter, with the definition as shown in Eq. 17,
is assumed 1.6.

X vv ¼ ulnf
ug

1−x0
x0

ρg
ρlnf

 !0:5

ð17Þ

e0, is the quality of entrained droplets at the onset of annu-
lar flow regime [31]:

e0 ¼ 0:951−0:32Ca0:21
P

Pcrtnf

� 	−:42

ð18Þ

Where, Pcrtnf acconuts for the critical pressure of the
nanofluid. Capillary number, Ca is defined as:

Ca ¼ ulnf G
ρlnf σ

ð19Þ

Mass conservation equation in integral form for the
liquid film of the steady-state annular flow is in the
following form:

∫ρlnf ulnf dAþ d∫ρlnf ulnf dA
dz

Δz−∫ρlnf ulnf dA ¼ ∫
�
Γd

h
−Γen

�
Δz
i
dsi þ ∫ΓevΔzdsh

ð20Þ

The following conservation of mass can be written for the
vapor phase flowing at the core:

∫ρgugdAþ d∫ρgugdA
dz

Δz−∫ρgugdA

¼ ∫ΓevΔzdsh

ð21Þ

Liquid film mass flow rate, vapor flow rate and the mass
flow rate of entrained droplets are written as:

m˙ l ¼ ∫ρlnf ulnf dA ð22Þ

Fig. 2 SEM images of Al2O3 nanoparticle-coated surface [26]
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m˙ g ¼ ∫ρgugdA ð23Þ

By applying the latter two equations in the integral forms of
mass conservation, and some algebraic simplifications, the
integral form of mass conservations will be:

dṁl

dz
¼ Γd−Γenð ÞPco−ΓevPh ð24Þ

dṁg

dz
¼ Γevð ÞPh ð25Þ

Also for the entrained droplets the mass conservation is
written as:

dṁe

dz
¼ Γen−Γdð ÞPco ð26Þ

Ph and Pco are the microchannel and the vapor core perim-
eters respectively:

Ph ¼ 4D ð27Þ
Pco ¼ 4 D−2δð Þ ð28Þ

Γev is the evaporative flux of mass transfer:

Γev ¼ q}

hfg
ð29Þ

Heat flux is then can be calculated by the Newton cooling
law:

q
00 ¼ h Tw−Tið Þ ð30Þ

Where h, denotes the convective heat transfer coefficient
and the dominant mechanism of deposited layer and liquid
film is the conduction heat transfer. Consequently, h is obtain-
ed by use of Eq. (31):

h ¼ δcoat
kcoat

þ δ
klnf

� 	
 �−1
ð31Þ

δcoat is the thickness of the nanoparticle deposition layer
that assumed to be uniformly formed on the inner surface of
the channel. In the present modeling, thickness of the deposi-
tion layer is assumed to be between 0 to 10 μm based on the
experimental results [32–34]. kcoat in the above relation ac-
counts for the thermal conductivity of the porous layer which
is obtained by [29]:

kcoat ¼ 4*ln
kp
k f

� 	
−11


 �
k f ð32Þ

Tw, is the wall temperature and Ti is the temperature of the
interface between liquid film and the vapor core which is
calculated using Clasius-Clapeyron relation:

Ti ¼ Tg 1þ ΔPi

ρghfg−
ΔPi

2

0
B@

1
CA ð33Þ

Where ΔPi stands for the saturation pressure difference at
the interface (Eq. 34) and Tg is the saturation temperature at
the saturation conditions.

ΔPi ¼ pg−pl ð34Þ

Γd, is the deposition contribution of mass transfer [35]:

Γd ¼ kC ð35Þ

C ¼ ṁe
ṁg=ρg þ ṁe=ρlnf

ð36Þ

k, the deposition factor which is obtained by [29]:

k ¼ 0:0018 uco
ρgucoD

μg

 !−0:26
C
ρg

 !−0:28
ρg
ρlnf

 !0:63
pg

pcrtnf

 !−1:57

ð37Þ

The properties related to the vapor core, shown with the
index Bco^, by the assumption of homogeneous mixture can
be written in the following forms:

uco ¼ ṁg þ ṁe

ρcoAco
ð38Þ

ρco ¼
1

xco=ρg þ 1−xcoð Þ
.

ρlnf

ð39Þ

Aco ¼ D−2δð Þ2 ð40Þ

In the present study it is assumed that the entrainment takes
place as the result of two possible events; first, Γen1, sweeping
a fraction of wave crest off into the vapor core [36] and second
breaking the vapor bubbles at the liquid-vapor interface. The
first mechanism for transferring liquid droplets into the vapor
core is correlated as [37]:

Γen1 ¼ 1:175� 10−4ugμlnf Rel−Reg
� � ffiffiffiffiffiffiffiffi

ρlnf
ρg

s
if Rel > Re∞ ð41Þ

Where Re∞, known as the critical Re number is defined by
[37]:

Re∞ ¼ exp 5:8504þ 0:4249
μg

μlnf

 ! ! ffiffiffiffiffiffiffiffi
ρlnf
ρg

s
ð42Þ

Γen2, the contribution of entrainment due to the bubbles
breaking at the interface is correlated by [38]:

Γen2 ¼ 663
q}

hfg

� 	2:5
δ

σρg

 !0:75

ð43Þ
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Total magnitude of entrainment can be written as:

Γen ¼ Γen1 þ Γen2 ð44Þ

2.2.2 Momentum conservation

Momentum conservation in the vapor core is the balance be-
tween the pressure forces and two types of momentum forces,
one due to the vapor flow and the other due to the mass
transfers. The conservation of momentum in integral form,
for a control volume of lengthΔz and the cross section which
is equal to the vapor core, as shown in Fig. 3 is written as:

∫PgdAco− ∫PgdAco þ
d ∫PgAco
� �

dz
Δz

 !

−∫τ iΔzdsi−∫ρcogdvco

¼ ∫ρcouco
2dAco þ

d ∫ρcouco2dAco
� �

dz
Δz

 !
−∫ρcouco

2dAco

þ ∫ ΓducoΔz −ΓenuiΔz½ �dsi−∫ΓevuiΔzdsh
ð45Þ

τi and ui in Eq. (45) accounts for interfacial stress and
interfacial velocity respectively.

Neglecting variations in perpendicular direction respect to
the flow, in the liquid film as well as momentum change due to
acceleration, the momentum conservation equation is simpli-
fied in the following form:

−
d PgAco
� �
dz

Δz

 �

−τ iPcoΔz−ρcogAcoΔz

¼ þ ρcouco
2d Acoð Þ
dz

Δzþ ΓducoΔz −ΓenuiΔz½ �
Pco−ΓevuiΔzPh

ð46Þ

The core cross section varies in the flow direction due to
the mass transfers mechanisms:

d Acoð Þ
dz

¼ −4 D−2δð Þ dδ
dz

ð47Þ

At last, by employing Eq. (47), the integral form of mo-
mentum conservation for the vapor core will be:

−Aco
d Pg
� �
dz

¼ −PgPco−ρcouco
2Pco

� � dδ
dz

þ Γduco−Γenui þ τ i½ �Pco−ΓevuiPh þ ρcogAco

ð48Þ

Vapor core pressure gradient is obtained from Eq. (49):

d Pg
� �
dz

¼ −
−PgPco−ρcouco2Pco
� � dδ

dz
Aco

−

Γduco−Γenui þ τ i½ �Pco−ΓevuiPh

Aco
−ρcog

ð49Þ

The interfacial shear stress is the result of velocity differ-
ences between the vapor core and interface and it can be cal-
culated by the correlation:

τ i ¼ 1

2
f iρco uco−uið Þ2 ð50Þ

Where, fi is the interfacial friction factor. Interfacial friction
factor fi can be obtained by applying the empirical correlation
of Shah and London [39]:

f i ¼
16

Rec
for Rec < 2000

f i ¼ 0:079Rec−0:25 for 2000 < Rec < 20000
f i ¼ 0:046Rec−0:2 for Rec > 20000

ð51Þ

Where, the effective Re Number, Rec is defined as:

Rec ¼ ρco uco−uið ÞD
μg

ð52Þ

The interfacial velocity is assumed ui = 0.25ug.
For the liquid control volume shown in Fig. 4, ignoring

inertial terms, the momentum balance will be:

∫PldAf − ∫PldAf þ
d ∫PlAf
� �
dz

Δz

 !
þ ∫τ iΔzdsi

−∫τ fΔzds f −∫ρlnf gv f
¼ ∫ −ΓducoΔzþ Γen uiΔz½ �dsi þ ∫ΓevuiΔzdsh

ð53Þ

The cross section of the considered control volume of
length Δz is:

Af ¼ 4 r f 2−ri2
� � ð54Þ

Where, ri is the distance between the pipe axis and the
interface in perpendicular direction respect to the flow. rf,
denotes the distance between the pipe axis and the upper face
of the liquid element.

The momentum conservation in a more simplified form is:

−
Af dPl

dz
Δzþ τ iPcoΔz−τ f P fΔz−ρlnf gAfΔz

¼ −ΓducoΔzþ ΓenuiΔz½ �Pco þ ΓevuiΔzPh

ð55Þ
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Pf is the control volume perimeter:

P f ¼ 8r f ð56Þ

Reordering the above equations to obtain liquid film shear
stress:

τ f ¼
−

dPl

dz
þ ρlnf g

� 	
r2−ri2ð Þ

2r
þ τ i þ Γduco−Γenui½ �2ri−ΓevuiD

2r

2
664

3
775 ð57Þ

Substituting the left hand side of Eq. (57) by the principle

definition of the shear stress, τ f ¼ μlnf
dul
dr , and integrating the

obtained equations, the liquid film velocity is achieved:

ul ¼ 1

μlnf
∫
h − dPl

dz
þ ρlnf g

� 	
r2−ri2ð Þ

2r

þ τ i þ Γduco−Γenui½ �2ri
2r

−
ΓevuiD
2r

i
dr

ð58Þ

ul ¼ 1

μlnf

h
−0:5� dPl

dz
þ ρlnf g

� 	
r2

2
−ri2lnr

� 	
þ
h
τ iþ

Γduco−Γenui
i
rilnr−Γevuirwlnr þ Cl

i
ð59Þ

The velocity at the liquid interface is assumed:

uw ¼ ucoat ð60Þ

Liquid mass flow rate, by the principle definition of

m˙
�

l
¼ ∫ri

rw

ρlnf uldA; Þ (dA = Pcodr can be calculated as:

m
˙
�

l
¼ Pcoρlnf

μlnf

h
−:5*

dPl

dz
þ ρlnf g

� 	
r3

6
−ri2 rlnr−rð Þ

� 	

þ τ iri rlnr−rð Þ þ Γduco−
�
Γen þ Γevrw=ri

h �
ui
i

ri rlnr−rð Þ þ Clr
rw
ri

� ð61Þ

Liquid film pressure gradient is calculated using modified
form of Young-Laplace equation [16]:

Fig. 4 Momentum balance in the
liquid film

Fig. 3 Momentum balance in the
vapor core
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Pl ¼ Pg− Γevvg þ Γenvl
� �

−
σ
ri

ð62Þ

Where ri is hydraulic radius of the channel, vl and vg are
radial velocities of liquid film and vapor core at the interface.

vg ¼ Γev

ρg
ð63Þ

vl ¼ Γen

ρlnf
ð64Þ

3 Solution procedure

The mass flow conditions are known, at the pipe inlet. The
pipe hydraulic diameter is 1.1 mm, pipe length is 0.62 m, and
mass flow velocity is considered as 230–300 kg/m2.s. The
pipe wall is supposed to be at constant temperature of
411.6 K. For the considered mass flow rate in the present
modeling, temperature differences greater than 10 K and even
around 10 K make the liquid film thickness vanish and there-
fore dryout happens. In this regard the difference between the
pipe wall and the saturation temperature of the flow at the pipe
inlet is assumed in the range of 2.5-10 K to avoid dryout along
the channel.

The flow in stream-wise direction is meshed with several
elements of length dz to accomplish the computation
procedure:

1. First the thermophysical properties of nanofluids are cal-
culated employing Eqs. (1, 2, 3, 6).

2. x0 and e0 values at the onset of annular flow regime are
calculated by Eqs. (17, 18).

3. Individual contributions of initial mass flow rates are
calculated by (14–16).

4. Assuming a value for the liquid film thickness, δ of the
next element, areas and perimeters of the element will be
calculated.

5. Different contributions of mass transfer are calculated by
Eqs. (29, 35 and 44)

6. Using Eqs. (24–26) mass flow rates of liquid film as well
as vapor and entrained droplets are obtained.

7. Vapor core pressure gradient is computed by Eq. (49).
8. Liquid film pressure gradient is obtained through Eq.

(62)
9. Liquid film mass flow rate is calculated by Eq. (61) and

if the obtained magnitude is consistent with what
achieved from Eq. (24) the solution is completed for this
element; otherwise steps 4–9 are repeated.

10. Steps 4–10 are repeated for the other elements and the
procedure will last until dryout occurs.

11. Heat transfer coefficient is then evaluated using Eq. (31).

A brief solution procedure is shown in Fig. 5.

4 Verification of the model

In order to validate the present model, the experimental data of
Wang et al. [40] and Moreira et al. [41] are used. In the first
validation, results of the present model have been compared
with experimental results of Wang et al. [40]. In the Fig. 6, the
Nusselt Number against wall heat flux for 0.1 vol.% alumi-
num oxide nanofluid have been plotted in the similar fluid
flow and geometrical conditions. The average relative error
is 4.56% (MAE of 0.9%) and maximum error is 7.01%. In
the second validation, results of the present model have been
plotted against the experimental data of Moreira et al. [41]
(Fig. 7). Local heat transfer variations of 0.1 vol.% Cu
nanofluid versus the vapor quality for the both works, as can
be seen in Fig. 7, are in good agreement. An average relative
error of 6.36% (MAE of 0.7%) and maximum error of 11.36%
is observed between the results of present model and those of
[41].

5 Results and discussion

There is a possibility of sedimentation of nanoparticles on the
channel wall; this phenomenon may influence the perfor-
mance of the convective boiling. Although for the very low

Fig. 5 Solution procedure
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nanoparticles concentrations, nanoparticles deposition on the
surface in the base fluid can be ignored [42]. The deposited
nanoparticles on the wall forms a thermal resistance, slows
down the evaporation rate as well as the heat transfer. On
the other hand, high conductivities of nanoparticles in
nanofluid can enhance the evaporation rate and heat transfer.
From the implementation above, it can be concluded that par-
ticle deposition and thermal conductivity act in reverse
manners.

Variations of heat transfer coefficient against nanoparticles
concentration is demonstrated in Fig. 8 for TiO2, Ni and ZnO
water based nanofluids. Particle deposition during the flow
boiling is ignored. The higher conduction factor of nanoparti-
cles, implies that the nanofluid is more conductive, the evap-
oration rate is higher and the thickness of the liquid film is
thinner. Consequently, in a specific volume fraction, heat
transfer coefficient will increase. Also increasing the volume
concentration enhances the thermal conductivity of nanofluids
and subsequently heat transfer coefficient will increase. The
maximum amounts of enhancement in the heat transfer coef-
ficient in comparison with the pure water for Ni, ZnO and
TiO2 nanofluids are 52.2, 43.4 and 36.4% respectively.

Figure 8 is plotted again but in this figure the effects of
particles deposition on the channel wall is considered
(Fig. 9). Single deposited layer with 5 μm thickness is sup-
posed for Ni, TiO2 and ZnO nanofluids. As noted before HTC
of nanofluids enhances as the nonoparticle concentration are
increased. Also for a specific thickness of the deposition layer,
by increasing the thermal conductivity of nanoparticles, ther-
mal conductivity of deposition layer will increase (based on
Eq. 34). Which leads to a decrement in the deposition resis-
tance. In this regard for the TiO2 nanofluid, HTC becomes
lower compared to pure water owing to lower conductivities
of TiO2. It can be concluded that in the specified conditions,
the deposition layer affects the HTCmuch more than the ther-
mal conductivity. Although in high volume concentrations,
the thermal conductivity may play pivotal role compared to
the deposition layer.
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Thermal conductivity of ZnO nanoparticles is greater
than that of TiO2 therefore thermal resistance is not as
effective as the thermal conduction in the heat transfer. In
this regard HTC of the ZnO nanofluid is more than the pure
water. HTC for the Ni nanofluid is higher than the HTC of
pure water and also higher than the HTC of the ZnO
nanofluid due to the high thermal conductivities of Ni
nanoparticles. For the considered range, the maximum en-
hancement in the HTC is 51.9% corresponding to 3 vol.%
of Ni nanofluid while the maximum decrease in HTC is
20.5% corresponding to 0.5 vol% of TiO2 nanofluid. Heat
transfer coefficient of TiO2 nanofluid versus volume con-
centration, for the variety of deposition layers, is demon-
strated in Fig. 10. In case of the zero thickness of deposi-
tion layer, HTC increases compared to the pure water.. By
increasing the thickness of the deposition layer, thermal
resistance will increase significantly and can reduce the
HTC. Due to the inverse effects of conductivity and the
deposition thickness, it may be possible to prevent HTC
reduction by increasing the volume concentration of
nanoparticles.

Similar curves are provided for the ZnO nanofluids in
the Fig. 11. It can be found from the figure that effects of
thermal resistance due to the deposition layer in decreasing
HTC is fractional compared to the effects of nanoparticles
conductivity in increasing the HTC. Thereupon, in the
specified conditions the deposition layer cannot avoid the
enhancement of the HTC by increasing volume concentra-
tion of nanoparticles.

Effects of deposition layer on the Ni nanofluid in the
different volume fractions and for the variety of deposition
layers investigated in Fig. 12. In the Ni nanofluid similar to
the mentioned information about for the ZnO nanofluid,
effects of thermal resistance due to the deposition layer in

decreasing HTC is negligible compared to the effects of
nanoparticles conductivity in enhancement the HTC.
Thereupon the deposition layer cannot avoid the increase
in the HTC by increasing volume concentration of
nanoparticles.

Figure 13 shows the local evaporative heat flux of
1 vol.% TiO2 nanofluid against the dimensionless length
of the channel. As can be seen from the figure, the evapo-
rative heat flux enhances along the channel due to the in-
crease in temperature difference in between the channel
wall and the saturation temperature (which is known as
Btemperature difference^ here after) of the nanofluid.
Also By increasing the temperature difference at the chan-
nel inlet, the evaporative heat flux and subsequently the
evaporation rate intensifies.
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Variations of liquid film thickness along the channel is
shown for 1 vol% TiO2 nanofluid in Fig. 14. The channel
length is used to nondimesionalize the length scales. As
can be observed in the figure the liquid film thins down
along the channel. Increasing the temperature difference
at the channel inlet accelerates the evaporation and en-
hances the liquid film reduction. Although the reduction
in the thickness of the liquid film, inturn, increases the
evaporation rate. In other words, liquid film thickness
reduces due to the evaporation of nanofluid and the re-
duction in the liquid thickness, itself, intensifies the evap-
oration rate.

Heat transfer coefficient, in Fig. 15, is compared for the
considered nanofluids against the temperature difference at
the channel inlet. Increasing the temperature difference at
the channel inlet, result in an enhancement in the evapora-
tion rate, a decrease in the liquid film thickness and subse-
quently an enhancement of the HTC.

Pressure drop variations for variety of temperature differ-
ences are demonstrated in Fig. 16. As can be found from the
figure, pressure drop enhances by increasing the temperature
difference at the channel inlet. Increasing the temperature dif-
ference enhances the rate of vaporization which reduces the
liquid film thickness and increases the vapor velocity. The
latter intensifies the frictional and dynamic pressure drop
and subsequently the total pressure drop. In this regard, at a
specified temperature difference Ni nanofluid has the maxi-
mum pressure drop. In contrary, TiO2 nanofluid has the min-
imum pressure drop.

6 Conclusion

An analytical model for the heat and fluid flow of boiling
nanofluids considering effects of nanoparticles deposition is

0

50

100

150

200

250

300

0 0.5 1

)2
Lo

ca
l e

va
po

ra
tiv

e 
he

at
 fl

ux
(k

W
/m

Dimensionless length
Tw-Tinlet=10 K Tw-Tinlet=7.5 K Tw-Tinle=5 K

G=280 kg/m2s
Vol fraction= 1%

=10

Fig. 13 Local evaporative heat flux against the channel dimensionless
length for TiO2 nanofluid

0.02

0.03

0.04

0.05

0.06

0.07

0 0.5 1

D
im

en
si

on
le

ss
 li

qu
id

 fi
lm

 th
ic

kn
es

s

Dimensionless length
Tw-Tinlet=10 K Tw-Tinlet=7.5 K Tw-Tinle=5 K

G=280kg/m2s
Vol fraction= 1%

=10

Fig. 14 Variations of TiO2 nanofluid film thickness along the channel

6.5

8.5

10.5

12.5

0 5 10

Av
er

ag
e 

H
TC

(k
W

/m
2 k

)

Tw-Tinlet (k)

water water-TiO2 water-ZnO water-Ni

G=300 kg/m2s

Vol fraction= 0.5%

Fig. 15 Variations of HTC against the inlet temperature difference

0

20

40

60

80

100

120

140

0 5 10

Pr
es

su
ur

e 
dr

op
(k

Pa
)

Tw-Tinlet (K)
water water-TiO2 water-ZnO water-Ni

coat=10
G=300 kg/m2s

Vol frction= 0.5%

Fig. 16 Pressure drop against the temperature difference at the channel
inlet

Heat Mass Transfer (2019) 55:105–117 115



proposed in the present study. Thermal and hydraulic behavior
of three nanofluids (TiO2, ZnO and Ni) are compared to the
pure water. For the highly conductive nanoparticles, effect of
thermal resistance, due to the nanoparticles deposition, on the
thermal/hydraulic performance of the cooling system is found
negligible as it cannot influence HTC and pressure drop sig-
nificantly. Instead, for poorly conductive nanoparticles, depo-
sition phenomenon plays an important role in thermal and
hydraulic performance of the cooling system. Deposition in
these kinds of system can influence the HTC much more than
the thermal conductivity. In such situations the HTC becomes
lower than that of pure water. The maximum enhancement in
the HTC, considering effects of nanoparticles deposition, is
51.9% for the 3 vol.% Ni nanofluid and the maximum de-
crease of 20.5% is found for 0.5 vol.% TiO2 nanofluid.
Although by increasing volume concentration of nanoparti-
cles the effective thermal conductivity of the nanofluid can
be enhanced so that even for poorly conductive nanoparticles,
effects of deposition layer can be neutralized.
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