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1. Introduction

Recent advancement in nanotechnology have al-
lowed development of a new class of fluids called nanoflu-
id, which is considered of nanoparticles (oxide ceramics,
metals, nonmetals, nitrides...) suspended in base fluid
(water, oils, coolants, bio-fluids...). Nanofluids have inter-
esting properties that make them potentially useful in many
industrial applications as well enhancing heat transfer.
Godson et al. [1], Weng et al. [2], Wang and Mujumdar
[3], Duangthongsuk and Wongwises [4], Mohamed et al.
[5], Kakag et al. [6], Saidur et al. [7] presented reviews of
nanofluids for heat transfer application; they concluded
that nanofluids enhance greatly convective heat transfer.

The researches on the application of nanofluids
have been popularized recently; various authors have in-
vestigated experimentally and numerically the effect of
using nanofluid on heat transfer enhancement and flow
characteristics. The numerical study has taken an important
place in the field of fluid mechanics and heat transfer.
Indeed it is an efficient and easy way to study the different
physical phenomena and to prepare the sizing minimizing
costs experimental tests. Furthermore numerical simulation
also provides access to local quantities which is rarely
possible in the case of an experimental study.

Generally there are two types of nanofluid con-
vective heat transfer modeling, the single-phase simulation
in which nanoparticles and base fluid are considered as
homogenous with novel properties taking into considera-
tion liquid and solid properties and two-phase modeling
which the nanoparticles and base fluid are considered sepa-
rately. Sokhansefat et al. [8] studied the effect of using
Al,Os/synthetic oil in a PTC tube, reporting that heat trans-
fer augments for increasing nanoparticle volume fraction
and operational temperature. Risi et al. [9] presented the
heat transfer enhancement for CuO+Ni/nitrogen gas in a
PTC tube, demonstrating that above 0.3%vol the drawback
effect of pressure drop overwhelm the beneficial effects of
thermal properties, additionally the optimization procedure
found a maximum solar to thermal efficiency equal to
62.5%. Moghari et al. [10] studied on laminar mixed con-
vection in horizontal annulus with constant heat flux at the
inner and outer walls. Effects of nanoparticle concentra-
tion, Grashof number and heat flux ratio have been illus-
trating on hydrodynamic and thermal characteristics. Bian-
co et al. [11] focused the laminar flow of alumina/water
nanofluid under constant wall heat flux by using the single
phase and two-phase models; they declared that the two

approaches give considerably the same results when the
change on thermo-physical properties as function of tem-
perature is taken into consideration. Madhesh et al. [12]
experimentally proved that the convective heat transfer
coefficient of nanofluids increased with increasing Cu-
TiO, hybrid nanofluid concentration and the Reynolds
number. They proposed a new Nusselt number correlation
as a function of Reynolds number, Prandtl number and
volume concentration of the hybrid nanofluid. Hussein et
al. [13] studied numerically the laminar forced convection
of SiO./water demonstrating that the increase of Nusselt
number and friction factor depend on increasing volume
fraction. Elias et al. [14] established the effect of different
particle shapes in laminar flow; they predicted that cylin-
drical shape nanoparticle give best heat transfer perfor-
mance. Duangthongsuk and Wongwises [4] investigated
experimentally the forced convective heat transfer in a
horizontal double-tube, their results shows that the heat
transfer coefficient of nanofluid augments 26% and the
pressure drop increases with increasing volume fraction.
Akbari et al. [15] presented numerical modeling of laminar
mixed convection of alumina/ water inside horizontal tube
with uniform heat flux using single phase and two-phase
approach; they concluded that two-phase model results are
closer to the experimental data but very different than that
obtained by homogenous phase. Lotfi et al. [16] compared
the single phase with mixture and Eurelian two-phase
models for forced convection flow of Al,O3 for 1% volume
fraction; they found that mixture model is the most precise.

The present study was therefore undertaken to ex-
amine the turbulent forced convection of alumina/
dowtherm-A nanofluid inside a non-uniformly heated
parabolic trough solar collector receiver equipped by two
longitudinal fins, both the single phase and two-phase
models are employed. The impact of particle diameter on
heat transfer enhancement using two-phase mixture model
has been studied.

2. Physical model

In this study, we considered a simple model of re-
ceiver of the parabolic trough solar collector which is
shown in Fig. 1.

To improve the heat transfer inside PTC receiver,
two longitudinal rectangular fins are inserted where the
heat flux is higher in the absorber tube which is illustrated
in Fig. 2. The materials used for the glass cover and the
absorber are borosilicate glass and steel respectively, the
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annular space between the both is considered as vacuum at
lower pressure and ambient temperature. The physical
parameters used in this paper are given in Table 1.

Fig. 1 PTC receiver

Glass cover

Absorber

HTF

Annular
space

Longitudmal
Fin
Fig. 2 Schematic of PTC receiver with longitudinal fins
inserts
Table 1
Receiver dimensions
Focal length 1710 mm
Aperture width 5770 mm
Absorber inner radius 32 mm
Absorber outer radius 35 mm
Glass cover inner radius 59.6 mm
Glass cover outer radius 62.5 mm
Material of the absorber Steel
Material of the glass envelope Borosilicate
Transmittance of glass cover > 96%
Coating absorbance 95%
Glass cover emissivity 0.837

3. Numerical model

The numerical simulation is performed using the
finite volume method using ANSYS. [17] The K-€ turbu-
lent model was used. Pressure based solver is used to solve
the pressure based equation, PRESTO and QUICK scheme
are used for pressure and volume fraction respectively; for
other equations, first order upwind is adopted. Simple
algorithm is used for pressure-velocity coupling.

3.1. Heat transfer fluid properties

The HTF used in this study is nanofluid coxnsist-
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ing of Alumina nanoparticles suspended in synthetic oil
Dowtherm-A.

3.1.1. Single phase model

According to the data in literature, there are dif-
ferent types of models for nanofluid thermo-physical char-
acteristics. In our study we used the following formulas to
calculate nanofluid’s thermo-physical properties.

a) density[18]:

Pu =(1=08)p, + 90, @)
b) heat capacity [19]:
Cpm :(1_¢)Cpp+¢cpf ’ (2)

¢) thermal conductivity [20]:
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where Re, is nanoparticle Reynolds number defined as:

2p kT

Rep = ; (4)

7 uid o
Tt is freezing point of base fluid (285.15 K); k is Boltz-
mann constant;

d) dynamic viscosity [21]:
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3.1.2. Two-phase approach

In the present paper, numerical simulation of
nanofluid flow is performed comparing the single phase
homogenous nanofluid with two-phase mixture and two-
phase VOF. Two-phase numerical method assumes local
equilibrium over short spatial length scales. The nanoparti-
cle phase is considered to be interpenetrating continua its
viscosity was obtained from the experimental data of Mil-
ler and Gidaspow [22] defined as follow:

4, =—0.188+537.42¢ . (6)

3.1.2.1. Volume of fluid model

The VOF model is designed to track the location
and motion of a free surface between two or more immis-
cible fluids. In this model all properties are calculated by
taking a weighted average of multiple phases based on
their volume fraction. Continuity, momentum and energy
equations are defined as:

|4 (¢kpkvk ) =0, (7)

where >'¢, =1.

k=1



pVVV =VP+V (uV V)+pg; (8)

v(V(PE+P))=V(KVT). )

3.1.2.2. Mixture model

The mixture model is a simplified Eulerian ap-
proach, based on the assumption of small Stokes number.
It solves the mixture momentum equation as well volume
fraction transport equation for each secondary phase. The
equations are defined as:

= conservation of mass:

V(PnVn)=0; (10)
= conservation of energy:

Vé(pkcpkqskva):v(KmVT); (11)
= conservation of momentum:

PPV, = VP, "'(ﬂmV\Z)"' Pnl+

+V (kzn:lqﬁk pk\idr,k\;dr,k ] (12)

where drift velocity of k-th phases is calculated as:

Vi, =V, -V, . (13)
Mixture properties are defined as:

velocity: V, = M ; (14)

P
density: p,, :éqﬁk Pes (15)
viscosity: u,, = i T (16)
k=1

= volume fraction:

V(o8 V)= (Po#Vers ) (17)

The relative velocity is defined by Mannien et al.
[23] correlation as follow:

- T dz Pp = Pm) -
V= —>F" (s )a, (18)
18‘uf fdrag pp
where a is the acceleration defined as:
a=g-(Vy V)V, (19)

farag 1S drag function calculated by Shiller and Nauman [24]
correlation in the form of:

57

=1+0.15Re,*™" when Re, <1000;
=0.0183 Re, when Re, > 1000,

fdrag
fdrag
where Re, is nanoparticle Reynolds number given by:

_ pmvmdp

Re =
M

p

(20)

3.2. Numerical modeling

For the present numerical investigation, the outer
absorber’s wall receives a non-uniform heat flux which is
obtained by using Monte-Carlo ray tracing [25] where the
DNI of 1000 W/m? was used. The simulation results of the
local concentration ratio distribution on a cross section of
the absorber outer surface are shown in Fig. 3; symmetry
boundary condition is used for the inlet and outlet annular
space. For the outer glass envelope, a thermal boundary
condition that includes the convection and radiation heat
transfer is used.
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Fig. 3 The local concentration ratio on a cross-section of
the absorber outer surface

Sky temperature can be calculated using the fol-
lowing correlation [26]:

15
amb 7

T, =0.0552T (21)
where the ambient temperature used in this simulation is
300 K and Tqp is dew point temperature (K).

Additionally, the convection heat transfer coeffi-
cient used for the boundary condition is defined by the
experimental correlation [27]:

h =

0.58 4y -0.42
W 4Vw dgo

: (22)

where vy, is the wind speed (2 m/s in this study) and dgo is
the glass cover outer diameter.

4. Results and discussion
4.1. Validation of numerical results

To attain the confidence about the numerical re-



sults, we compared the simulation data for a smooth ab-
sorber with the correlations existing in literature. We chose
mixture two-phase model, in which the primary phase is
Dowtherm-A and the second phase is Alumina nanoparti-
cle with 1%.vol and 13nm diameter at operational tempera-
ture of 573 K, the results are shown in Fig. 4.
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Velgapudi et al.
140 4 —w¥— numerical results
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Fig. 4 Validation of numerical results for a smooth

absorber

Xuan and Li (2003) [28] studied flow and convec-
tive heat transfer of the nanofluid in a tube; they intro-
duced the following correlation for the calculation of aver-
age Nusselt number as function of Reynolds number,
Prandtl number, Peclet humber and nanoparticle volume
fraction.

Nu = 0.0059(1+7.6284°***Pe)™" ) Re"**** Pr* , (23)

E_Vdpcp

where Pe, =
(04

; ant is thermal diffusivity.
nf
Velgapudi et al. (2008) [29] recommended a new
correlation for turbulent flow only depending on Reynolds
and Prandtl numbers as follow:
Nu = 0.0256 Re**Pr®*. (24)
Duangthongsuk and Wongwises (2010) [4] exper-
imentally investigated the heat transfer coefficient and
friction factor of nanofluids in horizontal tube; they estab-
lished the following correlation for predicting Nusselt
number depending on Reynolds number, Prandtl number
and nanoparticles concentration:
Nu = 0.074 Re"*" Pro3% 420, (25)
Fig. 4 shows compatible results of average
Nusselt number between the present numerical simulation
results and the empirical correlations, especially Xuan and
Li correlation when the maximum deviation is 5.3% for
Re=3.6 x10% and the minimum error is 2.2% for
Re = 1.8 x 10%, so this results demonstrate a good agree-

ment between our numerical results and those obtained by
the correlations.
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4.2. Thermal performance analysis

4.2.1. Effect of using longitudinal fins and nanofluid inside
the absorber

Fig. 5 shows that absorber equipped with fins re-
trieves higher convective heat transfer coefficient than
smooth tube especially where the fins are inserted; the
Nusselt number augments between 1.3 to 1.8 times com-
pared to the plain tube which means that the presence of
the longitudinal fins improves heat exchange by increasing
the surface of contact. Additionally, the use of compound
enhancement technique based on using nanofluid and the
two longitudinal fins in tube side of PTC offers better heat
transfer which dues to the beneficial effect of fins and the
higher thermal conductivity of nanoparticles.
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Fig. 5 Comparison of calculated local convective heat
transfer coefficient for Re = 36338; ¢ = 0.01

Fig. 6 presents the comparison of calculated local
convective heat transfer coefficient between the single and
two-phase models for, ¢ = 1%.vol and d, = 13 nm. Com-
paring this numerical results predicted by the homogenous
and the two-phase models demonstrates that the single
phase gives lower values than two-phase models however
both two-phase models give almost the same results. The
disagreement between the corresponding numerical data
results obtained by the three models under consideration is
probably due the accuracy of the effective thermo-physical
properties used for the nanofluid homogenous phase.
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Fig. 6 Numerical results of Local convective heat transfer
coefficient of single and two-phase models



Fig. 7 illustrates the contours of temperature on
the middle cross-section of the absorber when the DNI of
1000 W/m? was used at HTF inlet temperature of 573 K.
The higher fluid’s temperature on the bottom is due to the

non-uniform heat flux distribution.
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Fig. 7 Temperature distribution on the middle of the
absorber

It can be obviously seen that the temperature con-
tours predicted by the three models are qualitatively simi-
lar, demonstrating that the difference between Nusselt
number results isn’t due to the fluid temperature.

On the other hand, the temperature distributions
along the radial direction on the middle cross-section of the
absorber for the three models at the same conditions are
presented. It can be found from Fig. 8 that the two-phase
models give considerably similar values lower than that
obtained in the case of single phase which decreases the
temperature gradient which induces an improvement in the
heat transfer coefficient.
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Fig. 8 Temperature distribution on the middle cross-section
of the absorber wall

Fig. 9 depicts the progression of local Darcy fric-
tion factor along the tube length, which is defined as:

fo=— (26)

where wwx is local wall shear stress and u is axial velocity.
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Fig. 9 Local Darcy friction factor of single and two-phase
model for Re = 36340 and ¢ = 0.01

According to Fig. 9, the single phase and two-
phase models give almost quite close results of local Darcy
friction factor when the maximum change is around 2.7%.
From these results, it can be concluding that two-phase and
single phase models predict almost identical hydrodynamic
results but dissimilar thermal ones.

4.2.2. Impact of nanoparticles mean diameter on heat
transfer

In this part, two-phase mixture model was employed to
investigate the effect of nanoparticle’s size on the flow
characteristics. For a given Reynolds number, nanoparti-
cle’s volume fraction (¢ = 0.01) and four values of Al,Os;
particle diameter (13, 30, 70 and 100 nm), the evolution of
the local Nusselt number along the tube length is shown in
Fig. 10. It can be seen that decreasing the particles diame-
ter causes to increase the Nusselt number this is due to the
aggregation of nanoparticles and stronger Brownian mo-
tion at smaller nanoparticles diameters, which leads to
higher thermal conductivity of nanofluids so obviously a
better heat transfer.
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Fig. 10 Local Nusselt number for various particle diameters



5. Conclusion

Turbulent forced convection of alumina/
dowtherm-A inside a PTC receiver with the presence of
two longitudinal fins in the absorber was studied. The flow
field was predicted numerically using the single phase and
two-phase mixture and VOF models. For validate purposes
the numerical results was compared with those obtained by
the correlations existing in literatures for different Reyn-
olds number and good agreement is observed between
them. The effect of nanoparticle size on thermal perfor-
mance was focused; ultimately the following results were
obtained:

1. The use of compound enhancement technique
based on using of nanofluid and the two longitudinal fins
in tube side of PTC offer better heat transfer.

2. The predictions by the two two-phase models
are closer.

3. The evolution of local convective heat transfer
coefficient gives very different results for the single and
two-phase modeling however the results of Darcy friction
factor are considerably similar which mean that the single-
phase model still needs to be modified.

4. The heat transfer fluid temperature is qualita-
tively the same for the homogenous and two-phase models
though the absorber temperature is higher in the case of
homogenous phase.

5. The most important benefit two-phase method
in comparison to homogenous modeling is that there is no
need for effective thermo-physical properties for the
nanofluid.

6. The enhancement of convective heat transfer
resulting from small nanoparticle diameter.
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NUMERICAL ANALYSIS OF COMPOUND HEAT
TRANSFER ENHANCEMENT BY SINGLE AND TWO-
PHASE MODELS IN PARABOLIC THROUGH SOLAR
RECEIVER

Summary

A three dimensional numerical investigation of
turbulent forced convection of Alumina/dowtherm-A
nanofluid inside a non-uniformly heated parabolic trough
solar collector receiver equipped by two longitudinal fins
for improving heat transfer by single and two-phase mod-
eling has been carried out. The heat flux around the ab-
sorber tube was obtained applying Monte Carlo ray trace
technique. The numerical results were validating with the
empirical correlations existing in literatures and good
agreement was obtained. The calculated results demon-
strate that two-phase models predict a higher convective
heat transfer coefficient however the predictions of Darcy
friction factor by single and two-phase approaches are
essentially the same. Two-phase mixture model has been
used to investigate the influence of nanoparticles mean
diameter on heat transfer phenomena; it found that a small-
er nanoparticles increase better convective heat transfer.

Keywords: Numerical study; non-uniform heat flux; longi-
tudinal fins; nanofluid; two-phase model.
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