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Molten salt-based nanofluid in a laminar region of a circular tube with constant
wall heat flux was numerically investigated. An Eulerian-Lagrangian method, dis-
crete phase model, was used to predict the heat transfer performance of nanofluid,
considering the factors of inlet Reynolds number, the mass concentration of the
nanoparticles, and nanoparticles diameter. Validation results were found in a good
match with experimental results obtained from the literature. Numerical results
showed that the heat transfer performance of nanofluid was considerably better
than that of pure molten salt. The local heat transfer coefficient and Nusselt num-
ber of nanofluid are about 30% higher than these of pure molten salt and increase
with an increase of Reynolds number and nanoparticles concentration. Moreover,
the heat transfer performance of nanofluid with the small size of the nanoparticles
(10~100 nm) is improved significantly.
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Introduction

Solar energy is gradually widely used as a kind of sustainable energy source in con-
centrating solar power (CSP) systems, which is one of the most promising power generation
technologies in the future. For CSP systems, molten salt is a kind of suitable working fluid for
its high heat capacity [1].

Some studies had been conducted on the characteristics of flow and heat trans-
fer of molten salt. Xiao et al. [2] found the frictional pressure drop of molten salt HITEC
(53% KNO/40% NaNO,/7% NaNO;, mass concentration) agreed well with the theoretical pre-
diction within 15% in laminar and turbulent flow regions. Wu et al. [3] prepared a new molten
salt and found a good agreement between their experimental data and the predictions of Sied-
er-Tate correlation [4]. However, Kunugi et al. [5] revealed that the poor heat transfer perfor-
mance of molten salt resulted in laminarization phenomena and non-uniform heating.

Choi and Eastman [6] found the thermal performance improvement of nanofluid with
a dramatic increase of thermal conductivity when they added nanoparticles into the basic fluid.
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After then more research had been reported that the better thermal performance of nanofluid
comparatively with base fluid [7, 8], which could promote thermal applications like heat ex-
changers [9] and electronics cooling [10]. Moreover, the heat transfer enhancement of nanofluid
had been studied extensively on the solar thermal system. Sokhansefat et al. [11] studied the
Al,Os-synthetic oil nanofluid in a parabolic trough collector tube. They found its heat trans-
fer coefficient increased with the increase of nanoparticles concentrations. Menbari et al. [12]
studied the CuO-water nanofluid in the direct absorption solar collector. They revealed that the
thermal efficiency of the collector increased as increasing the volume fraction and flow rate of
the nanofluid. Ghaderian ez al. [13] found that the CuO-water nanofluid with a volume fraction
of 0.03% improved the efficiency of the evacuated tube solar collector by 14% comparatively
with pure water.

Some studies [14-17] revealed the better thermal performance of molten salt-based
nanofluid. Zhang et al. [14] prepared Al,O;-Li,CO;/Na,CO5/K,CO; nanofluid using a two-step
aqueous method. Their measurement data showed that the molten salt suspended with Al,Os
nanoparticles had higher specific heat capacity and thermal conductivity comparatively with
pure molten salt. Hu et al. [15, 16] prepared the AL,Os- and SiO,-solar salt nanofluid and found
2.0% (mass fraction) Al,O;-solar salt nanofluid or 1.0% (mass fraction) SiO,-solar salt nanoflu-
id achieved the maximum enhancement of specific heat capacity by 8.3% or 26.8%, respective-
ly. Ho and Pan [17] investigated the optimum concentration of Al,O; nanoparticles to maximize
the specific heat capacity of HITEC. Their results showed that the Al,O;-HITEC nanofluid with
a mass fraction of 0.063% maximally enhanced the specific heat capacity by 19.9% compara-
tively with pure HITEC.

However, there is a gap in the literature in the area of heat transfer of molten salt-
based nanofluid. Only Ho and Pan [18] conducted an experiment to research the heat transfer
performance of HITEC-based nanofluid-flowing in a circular tube. But, they merely considered
the impact of nanoparticles concentration on the heat transfer enhancement. Therefore, in this
paper, alumina molten salt-based nanofluid is numerically investigated, considering the fac-
tors of entrance Reynolds number, the mass concentration of nanoparticles, and nanoparticles
diameter on nanofluid’s laminar convective heat transfer performance in a circular tube. The
discrete phase model (DPM) based on the Eulerian-Lagrangian frame [19, 20] was employed.
This paper might work as a supplement to the field of heat transfer performance of molten salt-
based nanofluid.

Numerical simulations

A simplified 2-D axisymmetric model is used based on the experiments by Ho and
Pan [18]. As shown in fig. 1, a horizontal tube receives constant wall heat flux with a diameter
0f 0.0021 m and a length of 0.12 m. Different entrance Reynolds numbers (68, 268), different
nanoparticles diameters (10 nm, 20 nm, 40 nm, 75 nm, and 100 nm), and different mass concen-

Constant wall flux trations (0.016 wt.%, 0.063 wt.%, 0.125 wt.%,

, 1111ttt and 0.25 wt.%) are considered.
X}i‘:"t_y’ e The thermophysical properties for the
alumina nanoparticles [1], stainless steel tube
""""" symmetry axis [14], and HITEC [21] are given in tab. 1. It is
Figure 1. Schematic of the 2-D important to note that the temperature used here

axissymmetric geometry is in Kelvin.
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Table 1. Thermophysical properties of the nanoparticles and tube

Properties ALO;[1] | Stainless steel [14] HITEC [21]
p kg 3880 7900 —0.7337 + 2280.21895
¢, [Jkg 'K] 733 477 —T+1833.15
k[Wm™'K™] 36 14.9 1.6 -10°7—1.25 - 10°T + 0.78
exp(b)+exp(—b 5.9(7—-9.638
# [Pacs] B B exigb;—exgg—b; 099, b= 590.362 :

Mathematical modelling

The DPM is an Eulerian-Lagrangian approach and able to describe the flow and heat
transfer process of two-phase fluid such as Al,O;-HITEC nanofluid. In this model, the Lagrang-
ian frame expresses the particles' position, while the Eulerian frame specifies the condition of
the continuum through solving the Navier-Stokes equations. Governing equations of continuity,
momentum, and energy are given [22]:

— Mass equation

v-(o7)=0 (1)
— Momentum equation
V(pV V)==Vp+V- (V7 )+S, )
— Energy equation
V-(pVe,T)=V-(kVT)+S, 3)

The source terms S, and S, represesent the amount of momentum and energy ex-
change between particles and the base fluid (molten salt HITEC), respectively.
For a single particle, the motion equation is simply defined:

A
mp?:FD—FFg"—Fothers (4)

P
where ¢, is the time that the particle moves from one cell to the adjacent one in the Lagrangian
reference frame. The first term on the right side of the equation is the drag force, and the Stokes
law is valid for low nanoparticles Reynolds number (Re, < 1):

dyV,
Rep _ Pt p’av (5)
My

In this study, the drag force, F'p, , can be calculated [22]:

- 3uCyRe,  _  _
Fp= P pmp(be_Vp) (6)
4dy"py
where C, is drag force coefficient. The second term on the right side of the eq. (4) is the gravity:
= &Py Por)
Fy =iy === (7

Pp
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The third term on the right side of the eq. (4) is F otherss Which includes thermophoretic
force, Brownian force, Saffman lift force, efc. The Saffman lift force or the force due to shear
is calculated [23]:

_ 5.2v1/2p5-4 _
F=m————2 (V. -V ®)
A CREN U=7)
where J;; is the deformation tensor. -
The equation of thermophoretic force /1 for particles in a liquid is given by McNab
[19]:
~ vT
by ==Dr, T )
where Dr, is the coefficient of the thermophoretic force [24].
The components of the Brownian force are modeled as a Gaussian white noise process
with spectral intensity S, ; given by [19]:

S, = S0 (10)
where ¢; is the Kronecker delta function, and S, is:
216vK,T
" 2 (an
P,
Wzﬂbfds (p] C.
Pof

where Kj is the Boltzmann constant (1.3807 - 102 J/K).
Amplitudes of the Brownian force components [24]:

. TCSO 1/2
FBi zmpfi E (12)

where & are zero-mean, unit-variance-independent Gaussian random numbers.
The contribution of forced due to virtual mass, F'v:

. I 4
F, =0.5m, 2L 7 vy -—2 (13)
Pr ds
The contribution of force generated due to the pressure gradient, F » in the fluid:
— . p — —
Fy :minpVV (14)
Pp

The amount of heat transfer exchange for each particle is calculated from energy bal-
ance, which will be implemented as an energy source term in eq. (3):

O, =ity (Toin = Ty out) (15)

Particles flow rate iz, in each cell will be conserved as there is no mass exchange. The
¢y, 18 particle specific heat, 7, ;, and T, are particle temperature at the inlet and outlet of a cell,
respectively. To find 7,;, and T, ., the exchanged heat at the surface of a particle:

dp
gy~ = hp (T~ T, ) (16)
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For a spherical particle, the heat transfer coefficient can be solved from the correla-
tion [25]:

hd
k—" =2+0.6Re)°Pr'” (17)
P

Boundary conditions

As shown in fig. 1, the axisymmetric 2-D tube is adopted in this study. The nanofluid enters
the tube at a uniform temperature 573 K. Inlet velocity is set based on entrance Reynolds num-
ber, while zero pressure is specified for the outlet. In the wall of the test tube, no-slip boundary
condition and constant heat flux are considered. For boundary conditions of nanoparticles in
the DPM model, the homogeneous injection from the inlet is set, and the Escape, Escape, and
Reflect are chosen for inlet, outlet, and wall, respectively [26].

Discretization method and validation

The commercial software ANSYS FLUENT 18.0 [24] is used to solve governing
equations. The SIMPLE algorithm is used for the pressure/velocity coupling. The second-or-
der upwind scheme is used for the convective and diffusive terms. The scaled residuals for the
continuity, two velocity components, and energy are all set as 10”7, Suitable under relaxation
factors are adopted to solve the equations smoothly. Iterations are first carried out, regarding
the base fluid as a single-phase fluid. Later, the DPM is enabled after the computation of base
fluid achieves convergence.

The model validation process includes 8

——5.500
grid independency test and code accuracy g, | \ @ 10-1000
check. Simulations are carried out initially on 202000

o . 7\ e 30-3000
pure HITEC to test the grid independency. Dif- --40-4000  [— ]
ferent mesh sizes (5 x 500, 10 x 1000, 20 x 2000, N 580.528‘0’0

30 %3000, 40 x 4000, 50 x 5000, 100 x 2000, and 6
100 x4000) are considered. Figure 2 shows
the obtained numerical results, in which the lo-
cal Nusselt numbers are seen as a function of
non-dimensional distance and they are com-

+=100 - 2000

pared in different meshes at Re = 68. The non- 4 . s .
-dimensional distance, x*, is defined as 0.00 0.02 004 . 006
x"=x/PrReD, and the Prandtl number is defined Figure 2. Grid independency of

as Pr = c,u/k. The thermal properties are tem- the numerical code

perature dependent and are calculated based on the average temperature of the fluid. According
to the results, other meshes except 5x500 and 10% 1000 indicate grid independency of the
code. However, a mesh size of 40 x 4000 elements is finally chosen to ensure grid independen-
cy and meet calculation cost because finer grids are required to injecting nanoparticles into the
base fluid in the DPM model [27].

To verify the accuracy of the developed code, simulation of pure HITEC flow in
the test section at Re = 68 is conducted. Numerical results of mean Nusselt number are com-
pared with the predictions of conventional Shah-London correlation [28] which is presented in
eq. (18). Moreover, to confirm the code accuracy in simulation of nanofluid, the comparisons
of local Nusselt number of AL,O;-HITEC nanofluid are done among the numerical results, the
experimental results of Ho and Pan [18], and the values of fitted correlation:
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1.953(x; )_”3 , X <0.03

0.0722 (18)

Nu, = .
, xp >0.03

4364 +

*

XL
where x1 is defined as a non-dimensional length of the test section:

* L
= 19
LT ReD (19)
The local heat transfer coefficient, /., is calculated:
_ q” 20
T T (20)

where the heat flux, ¢”, applied to the fluid can be obtained from the measurement of inlet and
outlet temperature of the fluid, based on the energy balance for a constant heat flux tube:

Tin) 21

out
nDL

where i1, ¢,, D, and L are the mass-flow rate, specific heat capacity, inner diameter, and length
of the test tube, respectively.
Local Nusselt number, Nu,, is defined:

_hD

X kf
where k; is the thermal conductivity of the HITEC.
The mean fluid temperature is evaluated based on the energy balance and can be shown:

, e, (T

Nu

(22)

q"mDx
Ton(e) = T = (23)
P
where the specific heat capacity, c,, of the ALLO;-HITEC nanofluid with different nanoparticles
concentrations is calculated based on the data reported by Ho and Pan [17]. The average heat

transfer coefficient is calculated:

I q
h = 24
75 where T,,and T, are the wall temperature and
G e [18] the average temperature of the inlet and outlet
,,,,,,,,, [28] .
70k T Experiment fitted line [18] temperature, respectively. Therefore, the mean
—o— Simulation results Nusselt number can be calculated:
6.5 hD
Nu, =—— (25)
ke
601 ) .
Figure 3 shows that the data of simu-
ss| lation agree well with the predictions of the
' a correlation within 10% and match well with
50 , , , experiment results within £10%. Such a rea-
0.02 0.04 006 . 008  gsonable agreement in the mean Nusselt num-
Figure 3. Validation of the simulation with ber of molten HITEC flow indicates that the

results of [18] and [28] correlation present model can be used for the simulation
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of HITEC doped with alumina nanoparticles. Then the correct model is employed to research
alumina-HITEC nanofluid heat transfer performance.

The following figs. 4(a)-4(d) show the DPM simulation accuracy of different mass
concentrations of Al,O;-HITEC nanofluid with 0.016 wt.%, 0.063 wt.%, 0.125 wt.%, and
0.25 wt.%. Compared with the results from the experiment and the fitted line, the simulation
qualitatively captures the experimental observations’ main feature. Quantitatively, fairly good
agreement between experimental results and the simulation has been achieved for x* ~ 0.025 at
Re = 68. However, for small x” values, the simulation results deviate from the line fitted from
experimental data. Considering the error of fitting line from experimental data scatters, in the
error range up to 20%, the simulation confirms good agreement with the experiment.

o o (18] o o (18]
Nu, 0 v e Experiment fitted line [18]| Ny, i Experiment fitted line [18]
100 o Simulation results 10F o Simulation results
9 o ol o
8+
o 8r
7 o . o
o -
o8 ey o 7
6 ° o7y “"55“«0,\@\70“? o ° OD Ehu o
T o ] o O“%'
5L 6 OE‘%'EQNGD,,O
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Figure 4. Accuracy of the simulation of A,O;-HITEC nanofluid with different
mass concentrations; (a) 0.016 wt.%, (b) 0.063 wt.%, (c) 0.125 wt.%, (d) 0.25 wt.%

Results and discussions

The wvalidated numerical model is used to investigate the influences of different
Reynolds number (68 and 268), different nanoparticles concentrations (0 wt.%, 0.016 wt.%,
0.063 wt.%, 0.125 wt.%, and 0.25 wt.%), and different sizes of nanoparticles (40 nm and 100 nm) on the
heat transfer performance of Al,O;-HITEC nanofluid. Numerical results are presented in this section.

Local heat transfer coefficient

The local heat transfer coefficient is calculated by using the egs. (20) and (21). Figures
5(a) and 5(b) show the local heat transfer coefficient of HITEC with or without Al,O; nanopar-
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ticles along the axial distance (x/D is used for different Reynolds number, because x" is not
suitable for comparison) at Re = 68 and 268, respectively. It is indicated in figs. 5(a) and 5(b)
that the heat transfer coefficient increases with the increase of concentration. It is mainly be-
cause that the thermophysical properties of HITEC with or without nanoparticles are tempera-
ture-dependent, making its Prandtl number and corresponding boundary-layer change along
the axial direction of the tube, resulting in an increase of the relative heat transfer coefficient of
nanofluid. Besides, the convective heat transfer coefficient decreases as the axial direction dis-
tance increases, due to an increase in the temperature difference between the wall and bulk with
constant wall heat flux. Also, the comparison between figs. 5(a) and 5(b) shows that the heat
transfer coefficient increases with Reynolds number increasing since the larger flow velocity
enhances the convective heat transfer.

2600 4000
= 0
T 2500 o Wt%=0.25 - —o—wt9% =025
c 2400 - —A— Wt%=0.125 s€ 3600 —A—wt.%=0.125
= 2300 —v— Wt.% = 0.063 é —v— wt.% = 0.063
< 2200 —o— wt.% =0.016 = 3200} —O—wt.%=0.016
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Figure 5. Heat transfer coefficient of Al,O;-HITEC nanofluid with different
mass concentrations along axial direction at (a) Re = 68 and (b) Re =268

The relative heat transfer coefficient ( = A, ./h..r) is presented in figs. 6(a) and 6(b)
at Re = 68 and Re = 268, respectively. It can be seen from two figures that the heat transfer
coefficient is enhanced by adding nanoparticles into pure HITEC and increases as increasing
the mass concentration. In the case of 0.25 wt.% nanofluid which shows the largest heat transfer
enhancement, the improvement percentage is more than 29% or 28% at the entrance region and
increases to about 33% or 32% at the channel exit, respectively, when Re = 68 or Re = 268.
Besides, the heat transfer enhancements for 0.063 wt.% and 0.125 wt.% are nearly the same,

134 134
__o—0 n
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. _© s M . 2 v
¢ /M - / v
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o
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o e
o o—
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Figure 6. Relative heat transfer coefficient of different mass concentrations
of AL,O;-HITEC nanofluid along axial direction at (a) Re = 68 and (b) Re = 268
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which fits well with the experimental results reported by Ho and Pan [18]. Also, the relative
heat transfer coefficient of Al,O;-HITEC nanofluid with various concentrations increases with
axial location, and this trend is more noticeable for nanofluid with larger concentration because
the thermal conductivity is a function of the nanoparticles volume fraction. By comparing these
two figures, the relative heat transfer coefficient is found only a little change, as the flow is in
the laminar region.

The following figs. 7(a)-7(d) give an axial profile of the local heat transfer coefficient
of ALLO;-HITEC nanofluid with different mass concentrations and different sizes of nanoparti-
cles at Re = 68. On the one hand, it is indicated in these figures that for all four mass concen-
trations, the nanofluid with small nanoparticles has a stronger ability to improve heat transfer,
showing that the addition of nanoparticles with different sizes and fractions is beneficial to
enhance the heat transfer performance of pure HITEC. On the other hand, for nanofluid with
small mass concentration like 0.016 wt%, its heat transfer coefficient increases as the size of
the nanoparticles decreases. The possible reasons can be explained that with the reduction in
particle size, uniform distribution along the channel radial direction and effective particle sur-
face area enhance the heat transfer coefficient of nanofluid. While as the mass concentration
rises, the nanofluid with all size nanoparticles shows considerable heat transfer enhancement
comparatively with pure HITEC, but the difference of heat transfer performance between dif-
ferent nanoparticles size becomes not obvious. It might because the nanoparticles concentration
is the primary influencing factor on the heat transfer performance of nanofluid, compared with
nanoparticles size.
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Figure 7. Heat transfer coefficient of Al,O;-HITEC nanofluid with different
nanoparticles diameters along axial direction with (a) 0.016 wt.%,
(b) 0.063 wt.%, (c) 0.125 wt.%, and (d) 0.25 wt.%
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Local Nusselt numbers

The effects of Al,O; nanoparticles concentration on the local Nusselt number at
Re = 68 and Re = 268 are shown in figs. 8(a) and 8(b), respectively. In these cases, the
diameter of Al,O; nanoparticles is 40 nm. From two figures, it can be found that for vari-
ous nanoparticles concentrations, the local Nusselt numbers of Al,O;-HITEC nanofluid de-
crease as increasing the axial non-dimensional distance. Besides, the local Nusselt numbers
of Al,O;-HITEC nanofluid increase with the mass concentration increasing and demonstrate
relatively high enhancement (up to 28-33%) compared with the counterparts of pure HITEC.
Besides, a comparison between figs. 8(a) and 8(b) shows that the local Nusselt number in-
creases with Reynolds number.

10 15
NU o —o—wt%=0.25 Nu 14 | —o—wt.% =025
9| ——wt.% =0.125 —2—wt.% =0.125
—v—Wt.% = 0.063 Br —v—wt.% =0.063
——wt.% =0.016 122+ ——wt.% =0.016
8r —o— pure HITEC —o— pure HITEC

N 1
7t \\&gﬁ 10:

of === ; —
D\] %—% 8+ Qg\\ g
5| \D\D\ r o
005 4 g 6+ T,
O0—aon
4 . . . . . 5 . . . . L
0 10 20 30 40 50 60 0 10 20 30 40 50 60
(a) x/D (b) x/D

Figure 8. The Nu, of AL,O;-HITEC nanofluid with different concentrations at
(a) Re = 68 and (b) Re =268

Then, the local Nusselt number along the axial non-dimensional axial distance at
Re = 68 is plotted in figs. 9(a)-9(d), for nanofluid with sets of nanoparticles size and mass
concentration. It can be seen from figs. 9(a)-9(d) that the local Nusselt number of nanofluid in-
creases with nanoparticles size reducing for all mass concentrations. The highest improvement
is observed at a higher mass concentration (like 0.25 wt.%) and a smaller nanoparticles size
(like 40 nm). Therefore, there might exist an optimized combination of mass concentration and
nanoparticles size for Al,O;-HITEC nanofluid.

Conclusion

To explore the heat transfer performance of molten salt-based nanofluid, the laminar
convective heat transfer of Al,O;-HITEC nanofluid inside a tube is numerically studied by em-
ploying the Eulerian-Lagrangian two-phase method. The effects of Reynolds number, nanopar-
ticles concentration, and nanoparticles size on the heat transfer performance of HITEC with or
without Al,O; nanoparticles are considered.

The results show that the local heat transfer coefficient and Nusselt number of Al,O;-
HITEC nanofluid are about 30% higher than these of pure HITEC, which means that heat
transfer performance enhancement is achieved by adding AL,O; nanoparticles into molten salt
HITEC. Specifically, the heat transfer coefficient and Nusselt number of AL,O;-HITEC nanoflu-
id increase with an increase of Reynolds number and nanoparticles concentration. Besides, the
heat transfer performance of Al,O;-HITEC nanofluid with the small size of the nanoparticles
(10~100 nm) is improved significantly.
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Figure 9. The Nu, of ALLO;-HITEC nanofluid with different nanoparticles diameters
along the axial direction; (a) 0.016 wt%, (b) 0.063 wt%, (c) 0.125 wt%, and (d) 0.25 wt%
Nomenclature
A —area, [m?] Sy — spectral intensity basis
¢ —cell S.  —source term of the energy equation
Cy - drag force coefficient S — source term of momentum equation
¢, —specific heat capacity, [Jkg 'K'] S, — spectral intensity basis
d, —particle diameter, [m] t —time, [s]
D - tube diameter, [m] T - temperature, [K]
F - total force acting on the force, [N] V. —velocity of nanofluid, [ms-1]
Fy, —drag force, [N] V', —fluid velocity, [ms™']
Fs — Brownian force, [N] V, —particle velocity, [ms™]
Fr — thermophoretic force, [N] x —axis distance, [m]
F — Saffman’s lift force, [N] x" — axis non-dimensional distance
F, —pressure gradient force, [N] x; — axis non-dimensional length
Fy - virtual mass force, [N]
h  —heat transfer coefficient, [Wm 2K '] Greek Letters
L —length, [m] 0; — deformation tensor
k  — thermal conductivity, [Wm'K™] i — dynamic viscosity, [kgm 1s7']
ks — Boltzmann constant p  — density, [kgm~]
m  —particle flow rate [kgs™'] .
Nu - Nusselt number Subscripts
P — Static pressure, [Nm?] av —average
Pr — Prandtl number bf — base fluids
q" —heat flux, [Wm?2] p —particles phase
Re —Reynolds number wt.% —mass fraction
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