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ABSTRACT: Critical heat flux (CHF) has been recognized as the upper limit for the safe operation of
many cooling systems which may lead to the occurrence of dryout causing a large temperature gradient
in the heated wall. One way to increase the amount of the CHF is to put in nanoparticles such as Al,O,
to the base fluid. The current research investigates the nanoparticles effect on dryout phenomenon using
computational fluid dynamics. Boiling phenomena are simulated using the mechanistic model organized
in Rensselaer Polytechnic Institute (RPI) which is extended to analyze the CHF by partitioning wall heat
flux to liquid and vapor phases. It was shown that the addition of Al,O, nanoparticles, postpones the wall
temperature jump and the liquid temperature and the vapor volume fraction increase regularly in spite of
the wall temperature jump. In another effort in this study, it was shown that the dryout phenomenon can
be delayed by increasing the nanoparticles concentration, and in certain concentration of nanoparticles
(5 percent), dry out would not take place. It can be concluded from obtained results that the addition
of AL,O, nanoparticles, delays the CHF phenomenon and therefore the safety margins of the operation
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would be enhanced.
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1- Introduction

Nucleate boiling is the most efficient heat transfer mechanism
because of its high performance due to latent heat transfer
to improve the thermal performance of components for
the process industry and power plants. Therefore, boiling
heat transfer has played an important role in industrial
heat transfer processes such as macroscopic heat transfer
exchangers in nuclear and fossil power plants. However,
for the incorporation of nucleate boiling in most practical
applications, it is imperative that Critical Heat Flux (CHF) is
not exceeded. CHF phenomenon is the thermal limit during a
heat transfer phase change; at the CHF point the heat transfer
is maximized, followed by a drastic degradation after the CHF
point. For decades, researchers have been trying to develop
more efficient heat transfer process, and also increase the
CHEF. To serve this purpose, nanofluids have been employed
in several experimental facilities.

In this research, alumina nanoparticles effect with various
concentrations on critical heat flux phenomenon in a
boiling flow filed is investigated using Computational Fluid
Dynamics (CFD). The studies carried out in this context are
determined in the following.

Bartolemi et al. [1] in 1969 conducted an experiment to
simulate boiling flow in a vertical pipe. In this study, wall and
fluid temperatures accompanied by the vapor volume fraction
were measured.

Hoyer [2] in 1998 organized an experimental setup on boiling
flow while the dryout phenomenon occurred due to high heat
flux. It was shown that a vapor film forms around the pipe
wall. Besides experimental activities, Krepper et al. [3] in
2006 showed the CFD code capability to model the two-phase
boiling flows. They examined a subcooled boiling flow in a
vertical channel and demonstrated that the heat partitioning
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model along with the rest of the flow field equations has the
ability to compute the dryout phenomenon location. Good
agreement with experimental data was observed. Li. et al.
[4] in 2010 examined boiling flow field in a vertical pipe
using Rensselaer Polytechnic Institute (RPI) model, using the
FLUENT software.

Li et al. [5] in 2011 simulated the boiling phenomenon as
well as the CHF phenomenon in a vertical pipe using the
CFD code. They investigated the occurrence of the dryout
phenomenon by adjusting the wall heat flux partitioning. The
results were in relatively good agreement with experimental
data.

In addition to the researches that have been performed
to investigate the boiling flow field, there are numerous
activities that investigated the influence of nanoparticles on
boiling fluid flows.

Corcione [6] in 2011 obtained two empirical correlations to
predict the effects of nanoparticles on thermal conductivity
and dynamic viscosity using available experimental data in
the literature. It was expressed that the thermal conductivity
of the nanofluid in comparison with the base liquid was
promoted by increasing the nanoparticle volume fraction.
Heyhat et al. [7] in 2013 conducted an experimental setup to
investigate the alumina nanoparticles effect on the convective
heat transfer coefficient. It was observed that the heat transfer
coefficient would be increased by approximately 32% at 2
percent volumetric concentration of nanoparticles.
Prajapatietal. [8]in 2014 experimentally examined ZnO/water
nanofluid with volume concentration of the nanoparticles
varying from 0.0001 to 0.1% in a boiling flow. They observed
that with the nanoparticles being more deposited on the
heated surface, is increased and thus enhances the convective
heat transfer.

Atf et al. [9] in 2014 investigated subcooled flow boiling
accompanied by Alumina nanoparticles numerically. They
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showed that adding alumina nanoparticles enhances the heat
transfer coefficients.

Abedinia et al. [10] in 2017 numerically simulated the flow
boiling of alumina/water nanofluid employing the mixture
model. In addition to studies that have been taken place on
the enrichment of nanofluid thermal conductivity, further
investigations have been performed on the nanoparticles
effects and inducing excessive fluctuations such as Brownian
motion on the flow field [11,12].

Based on available researches, there are a small number
of activities about nanofluid boiling flow accompanied
by dryout. Therefore in this research tries to evaluate the
capability of the CFD software. The details of numerical
method are explained in the following.

2- Simulation of Boiling Flow

The boiling flow field can be studied with a variety of

techniques. In order to model the boiling flow field, the

following assumptions have been listed:

* Reynolds Averaged Navier-Stokes (RANS) equations
for each phase have been employed with an Eulerian-
Eulerian approach to determine boiling phenomenon.
The nanoparticles effect was simulated by averaging the
thermophysical properties.

* Boiling phenomenon is modeled by the use of the
mechanistic.

2- 1- Governing equations

The governing equations for each phase in a generalized
arrangement besides the required relations have been
represented [4].

Continuity equation

9(ayp,)

DLV (a,0V,) = Dl i, )+, 0

r=1

Momentum equation
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Turbulence modeling
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2- 2- Wall boiling models
The wall boiling has been simulated based on RPI model [13].
In this approach, total heat flux from wall to liquid as shown
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in Fig. 1 is divided into three parts: liquid phase convective
heat flux, ¢, quenching heat flux, ¢ 0 and evaporation heat
flux, g,.

qW:qc+qQ+qE Q)
. Bulk fluid temperature

uenching heat flug  Saturation temperature ]
Q 2 ! Convective heat flux

Fig. 1. A Schematic of different wall heat flux partitioning
Liquid phase convective heat flux

4. =h (T, =T,)(1-4,) (6)
where /. 1s indicated as the liquid phase HTC.

Area of influence
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Quenching heat flux

Quenching heat flux is determined as the following equation

[4]:

2k
i, =C,, ——==(T, -T, )4,
qQ Wi 1 ( l,q) b (10)

fbw

Evaporation heat flux
Evaporation heat flux is calculated by the following relation

[4]:

T
4; =2 d) S, N o H, (n

Nucleation site density
Nucleation site density based on Lemmert-Chawla correlation
is [16,17]:

N,=C"(T,-T,) (12)

w w sat

Here by default, C=15545.54 and n=1.805.

Bubble departure diameter
Bubble departure diameter is modeled based on Tolubinski
correlation [18,19]:
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D, = min(0.0014,0.0006exp[— 2 2 (13)

)

In order to be able to model dryout phenomenon, it is
necessary to include the vapor temperature. Thus, the wall
heat partition is modified as follows [4,20-21]:

Gy =G, + G+ G+ G.) (a)+ (1= ())d, +4o (14)

The function f{e:) based on loilev relation in terms of the
local vapor volume is [20]:

f(a)=1-f (a,):max(o,min{l,%ﬂ (15)

2- 3- Nanofluid properties
In this research, Egs. (16) to (19) have been used to achieve
thermophysical averaged properties of the nanofluid [22-24].

py =1-0)p, +op, (16)
(pc,), ==0)(pc, ), +o(pc,), (17)
Hy | 1y =123 +7.3p+1 (18)
k, lk, =4979" +2.72¢0+1 (19)

Table 1 and Fig. 2 depict some thermophysical properties of
nanoparticle AL,O..

Table 1. Thermophysical properties of nanoparticle

. Specific heat Thermal conductivity
3
Density (kg/m?) . Sacity (J/kg K) (W/m K)
3880 773 36
1000
000 4 #_,.-—""'-
800 JEPPT LI
o [ e
m 700 -
S 600
S
6 500 4
(=9
400 4 - = =p(kg/m3)
300 1 —— p Cps107-3 (J/m3 k)
200 : ‘ .
0 0.02 0.04 0.06 0.08

Nanoparticle concentration

Fig. 2. Density and specific heat in terms of nanoparticles
concentration

3- Results

This section determines some results including the simulation
of the subcooled boiling, dryout phenomenon and the AL,O,
nanoparticles effects in the flow field.
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3- 1- Results of subcooled boiling flow

The firstcase isupward subcooled boiling flow, experimentally
studied by Bartolemei [1]. Fig. 3 depicts a schematic of the
pipe with boundary conditions and the problem is simulated
as axisymmetric and steady-state.

Axis \ Gravity
. Operating pressure= 45 bar
—  Rudius= 77 mm perating pressure har
— Length=2 m

R

Mass flux= 900 % Heat flux= 570000%/_,

Fig. 3. Geometry and flow conditions

Fig. 4 shows the grid for numerical simulation of the current
case.

Fig. 4. Enlargement of grid generation

To study the grid independency of the solution, structured
grids with 13125 and 52500 cells, were utilized. Fig. 5 depicts
wall temperature for these two meshes. As can be seen from
this figure, two grids go back almost alike solutions.
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Fig. 5. Examination of grid-independence

Fig. 6 depicts the liquid temperature for different turbulence
models. As can be seen the k- model is better model in this
current with respect to the experimental data.

Figs. 7 to 9 shows comparisons between the computations
and experimental data. Reasonable agreement between
results can be seen.

Fig. 10 shows the wall heat flux partitioning including liquid
phase, evaporation and quenching heat fluxes.

3- 2- CHF in vertical pipe

In this part, the results of the dryout phenomenon have
been determined. The boundary condition and geometric
configuration are selected from the paper by Hoyer [2]. Fig.
11 a schematic of the pipe with boundary conditions.



A. Rabiee and A. Atf, AUT J. Mech. Eng., 3(1) (2019) 25-32, DOI: 10.22060/mej.2017.11920.5555

L
[ ]
=
L

L
=)
L

Lh

=1

=
L

®m experimental data [1]

Liquid temperature (k)

400 4
""" k-e model
480 4
= -RSM model
470 4
460 | k- model
450 . T . T
0 0.5 1 1.5 2 23
Length (m)
Fig. 6. Liquid temperature along the channel
530
545

LS e

¥
0 535 A
=]
£ 530 4 )
= + Experimental data [1]
g 525 1
= Liet Al [4]
Ss0d iet AL
2
— 515 -
= = Current study
2 510 A

505 -

500 . . : .

0 0.5 1 15 2 25
Length (m)
Fig. 7. Wall temperature along the channel
540

Lh

>t}

=
L

Lh

[

=
L

Lh
=
L

Bulk Liquid Temperature (K)

500 A + Experimental Data [1]
400 4 -=-=TLiet Al [4]
= Current Studv
480 4 ¥
-4
470 {*
460 T T T T
0 0.3 13 2 25

1
Length (m)
Fig. 8. Bulk liquid temperature inside the channel

Fig. 12 shows comparisons between the computations and
experimental data. As can be seen, a sudden change in wall
temperature has taken place.

Fig. 13 represents wall heat flux partitioning including vapor
phase, evaporation and quenching heat fluxes.

Figs. 14 and 15 depict liquid and vapor velocities at the
sections, 3, 5 meters.
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Fig. 9. Area-averaged vapor volume fraction inside the channel
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Fig. 14. Radial vapor velocity at different cross sections along
the channel

335
30 A
—_
w1
L
=
g 23 \
=
g w{ T e -
Q S
2
[ I
F 15 e L
=TTy
Sw0d 0 e section at 3m
R=4
— === section at 5m
5 4
outlet section
0

T T T T
0 0.001 0.002 0.003 0.004 0.005

Radial distance (m/s)

Fig. 15. Radial liquid velocity at different cross sections along
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3-3-CHF in vertical pipe in the presence of AlLO,

nanoparticles

In the previous section, it was shown that by applying the
wall heat flux equal to 797000 W/m? , CHF took place in the
surrounding area of 4 meters from the inlet. In this part, it is
tried to improve CHF threshold by adding Al,O, nanoparticles.
Fig. 16 depicts wall temperature with the presence of 2 percent
volumetric concentration of nanoparticles for fine and coarse
grid (21000, and 84000 cells) to study of grid independency

of solution.

200
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Fig. 16. Examination of grid-independence in the presence of 2
vol. % of nanoparticles

The influence of Al,O, nanoparticle concentrations is depicted
in Fig. 17. It can be seen that jump in the wall temperature will
be delayed by the increase in the nanoparticles concentration.
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Fig. 17. Influence of nanoparticle concentration

The independence of the wall temperature on different
turbulent modeling approach, dispersed, mixture and per
phase is depicted in Fig. 18 with nanoparticle concentration
2 percent. It is obvious that the models have no significant
effect on the results.
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Fig. 18. Effect of different turbulent models
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Figs. 19 and 20 show the bulk and axial liquid temperatures
with the enhancement of the nanoparticle concentrations,
respectively. It is obvious that with increasing the
nanoparticles concentration, there would be a delay of the
liquid temperature to reach the saturation condition.
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Fig. 19. Area-averaged liquid temperature with nanoparticle
concentrations
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Fig. 22. Depicts the influence of nanoparticle concentrations
on the HTC. As can be seen, HTC falls down rapidly after
dryout formation.

30

$0000

70000 -

60000

o

WA 50000

~
= 40000

= Base water

Heat transfer coefficient

- — «1vol%
-%-WUUU - -2vol%
20000 - =3val%
...... 40l %

10000
Svol%

0

0 1 2 3 4 3 6 7 8

Length(m)

Fig. 22. Effect of various nanoparticle concentrations on HTC
distribution

As seen from Fig. 17, due to the increase of nanoparticle
concentration, the jump in the wall temperature has been
delayed. Increasing the concentration of nanoparticles
equal to 5 percent leads to that the sudden rise in the wall
temperature will not occur. In another work, to find out the
critical heat flux in 5 vol. %, the amount of heat flux has
been improved. It is notable that by considering this amount
of nanoparticles with the wall heat flux equal to 797 kW/m?,
the dryout phenomenon will not occur.

Fig. 23 depicts the influence of rising the heat flux up to 1
millionW/m? . As can be seen from this figure, the heat flux
with the magnitude of 900 kW/m? , leads to temperature jump
near the outlet. It is revealed that by adding nanoparticles
with 5 vol. %, the CHF threshold enhances by 13 percent.
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Fig. 23. Wall temperature distribution

4- Conclusion

* In this study, the influence of the addition of ALO,
nanoparticles to the boiling flow accompanied by dryout
phenomenon has been investigated. Boiling phenomenon
is simulated using the RPI mechanistic model which can
utilized to analyze the CHF by partitioning wall heat flux
to liquid and vapor phases.

* It was shown that the addition of Al O, nanoparticles,

postpones the wall temperature jump.

It is concluded that the liquid temperature and the vapor

volume fraction increase regularly in spite of the wall

temperature jump.

* Increasing the concentration of nanoparticles equal



A. Rabiee and A. Atf, AUT J. Mech. Eng., 3(1) (2019) 25-32, DOI: 10.22060/mej.2017.11920.5555

to 5 percent leads to that the sudden rise in the wall
temperature will not occur

e It can be concluded from results that the addition of
AlO, nanoparticles, delays the dryout phenomenon and
therefore the safety margins of the operation would be
enhanced.
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