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temperature, pressure and thermophysical properties for multiple cases are presented
and discussed. Temperature gradient decreases at high Reynolds number leading to
small change in thermo-physical properties. While pressure seems not to be affected

Keywords: by the change in the applied surface heat flux, it increases linearly across the pipe with
Temperature-dependent properties; the increase in Reynolds number. This analysis aims to provide better understanding
turbulent; axisymmetric; molten salt; of the thermal-hydraulic behavior for fluids with temperature dependent properties
Hitec for a wide range of Re and surface heat flux.

1. Introduction

Many industries are interested in working fluids undergoing thermal processes and there is
continuous research in optimizing the size and cost of heat exchangers and enhancing the rate of
heat transfer. Some fluids have pressure and temperature dependent properties with different
degrees, the variation of viscosity as a result of temperature change for example is more significant
than other properties for most fluids [1]. The most common practice in a lot of studies is to use
constant thermophysical properties or only temperature-dependent viscosity fluids to simplify the
complexity level of the fluid model with tolerable accuracy since temperature-dependent fluids are
more complex to solve than fluids with constant properties [1,2]. However, in the aim of more
accurate results and the seek for more optimized solutions with the aid of computational tools,
thermophysical temperature-dependent properties of fluids have been recently a topic of
engineering interest. The investigations of fluids’ variation of properties are conducted either
numerically or experimentally. Experimental data are more favorable; however, it is rather expensive
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and time consuming. While numerical solutions have been evolving ever since the advent of
computers and numerical techniques and models have been developed for specific problems: wrong
solutions will emerge due to the choice of a model incompatible with the studied case. Thus, usually
a solid validation is presented in numerical studies to evaluate the accuracy of how the numerical
model represents the reality. Several temperature-dependent property fluids studies have been
carried out [1-44]. Shah et al., [9], studied the thermal behavior of temperature-dependent fluid in
circular cross section as well as Harms et al., [12]. Sehyun et al., [7,13], investigated the variable
viscosity’s influence on fluids’ thermal and hydraulic behavior in rectangular ducts. Berger et al.,
[13], Andrade et al., [14]and Kumar et al., [15], studied the temperature dependent properties
fluids in curved pipes. The latter two mentioned studies reported the water’s thermal
characteristics in cooling and heating conditions. Watkinson et al., [17], conducted experiments
to investigate the forced convection of oils in straight pipes with internal spiral fins. Rainieri et
al., [18], experimentally analyzed the thermal performances of temperature-dependent
properties Newtonian fluids in axial and helical corrugated tubes with different pitch in the
thermal entry region. Garimella et al., [19], showed the dependence of thermal nature of
temperature dependent property fluid on flow and geometric variables in laminar, transitional,
and turbulent flow regimes in spirally enhanced tubes. Recently more light is shed on new
temperature-dependent property material in the fields of Phase Change Material (PCM),
Nanofluids and Molten salts, as they are considered potential candidates for concentrated solar
power (CSP) plants and thermal energy storage (TES). CSP is an emerging technology that contests
other solar technologies such as photovoltaic collectors [20,21]. It works on extracting energy
from the sun, to harness electric energy, by using a set of mirrors to concentrate the sun rays
onto the receivers to heat the heat transfer fluid [22]. Nanofluids have been a topic of interest
since they were first discovered by Granqvist et al., [23]. They are considered a prominent thermal
energy storage medium as well as PCM [24-27]. Later on, nanofluid preparation techniques were
proposed by Li et al., [28]. Choi et al., [29,30], suggested nanofluids as better candidates in heat
transfer medium than traditional fluids.

Researchers found a promising potential non pollutant fluid in the energy storage and heat
transfer field. Molten salts are favored for their high heat capacity and working temperature, low
cost and vapor pressure, and good thermal stability. They are promising candidates to reduce the
levelized energy cost of CSP plants. However, there are several drawbacks such as the potential
clogging in pipes when the molten salt locally solidifies at night, which will require burning fuel
for starting up the plant due to the relatively high melting point. Nevertheless, nitrate-based salts
such the commercially known Hitec salt, have several advantages over other molten salt types.
Nitrate based salts have lower cost, lower corrosivity and lower melting point than other molten
salt types, making it suitable for heat treating plants and thermal energy storage [31]. Multiple
experimental work was carried out to investigate the thermophysical properties of multiple kinds
of molten salts [32-38]. While other numerical simulations were performed using multiple
turbulence models to validate the numerical data with experimental results [39-41]. Finally, an
approach by ElShafei et al., [44], to predict the thermal and hydrodynamic behavior of molten
salts using Neural networks trained by CFD data is proposed. Since it is very time and money
consuming to carry out experimental studies to cover the broad ranges of Reynolds numbers and
surface heat flux, numerical simulations are performed to shed more light on the thermal and
hydraulic effect on a turbulent temperature dependent property liquid salt flowing in a smooth
round pipe using a suitable turbulence model. The present paper is organized as following.
Section 2 defines the problem, investigated in the study, by presenting the investigated physical
and computational model, the numerical model’s governing equations and boundary conditions.



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 86, Issue 2 (2021) 1-14

Mesh independence study and validation with experimental results are conducted in Section 3 and
4, respectively. In Section 5, the study’s results and discussion are given. Finally, a drawn conclusion
is given in Section 6.

2. Problem Definition
2.1 Physical Model

The modeled physical problem is the flow of molten salt in a circular pipe with uniform surface
heat flux. Due to the symmetry of the problem, an axisymmetric model is adopted. The axisymmetric
plane of the pipe under investigation is schematically shown in Figure 1. The ternary Hitec molten
salt, with the eutectic composition of (53 KNO3—7 NaNO3—40 NaNO;, wt.%), was used as the flow
medium in the simulation analysis. The temperature-dependent thermophysical properties can be
described as polynomial piecewise functions of temperature by the below Eq. (1)-(6) (Table 1) [42].
The pipeis 16.6 mm in diameter and 2000 mm in length, which was modelled after the DAHAN plant’s
central receiver’s tubes [45]. The pipe is subjected to a uniform heat flux (q = 10*— 10° W/m?) on the
outer walls and the liquid salt flows at the pipe’s inlet with temperature 550k and inlet Reynolds
number (Re = 10% — 10°).

q: Surface Heat Flux (W/im®)

V.= f(Re)
. — D
8 —>» P =aim
S —>
A e >
e >
T, = 550K
L=120D
Fig. 1. Schematic description of the presented model
Table 1
Thermophysical properties of Hitec salt
Temperature Thermophysical property equations
range
(450 < T < 800) p =2280.22—0.636T (1)
(450 <T < 800) C, = 1560 (2)
(450 < T <536) A1=122627—-0.01176 T +2.551e—5T?—-1.863e—8T3 (3)
(536 < T<800) A1=0.7663—-647e—4T (4)
(450 < T <500) w©=093845—-54754e—-3T (5)
(500 < T <800) pu=0.23816—1.2768e—3T +2.6275e—6T2—24331e—9T3+8507e (6)

—13T*4
where T represents the salt’s temperature, p represents the density, Cr is the specific heat capacity at constant
pressure, A is thermal conductivity and u is the dynamic viscosity
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2.2 Governing Equations

The basis for the numerical investigation is the solution of the Navier-Stokes, the gravitational
effects are neglected, and the energy equation along with the turbulence model equations in
addition to the continuity equation.

Mass balance
2 (pu) =0 (7)
9%, pu;) =

Conservation of Momentum

oy

O (puu)=-22,+2 oui 20w o
6xi (puluj) - axj + axi [(# + 'ut) (6xi + ax] 3 axl 6”)] (8)
Energy equation

2 tou) = [y (2 +2) 2 g

Pr ' Pry) ox;
Turbulence kinetic energy equation

6(pkuj):i[(’u

Ke) Ok _
ox,  ax W ) 3| + Gic = e + Y (10)

Ok ax]'
Kinetic energy dissipation rate

(pey;) _ @ ( m) d¢ £

ox; - Oxj 'u+a£ Ox; +pClS€ 'DCZ k+Vve (11)
where u is the salt’s velocity, P is the pressure, x represents the coordinates, h is the convective heat
transfer coefficient, Pr is the salt’s Prandtl number, k is turbulent kinetic energy & € is the turbulent
dissipation rate.

2.3 Boundary Conditions
At the inlet, velocity at the inlet with a uniform profile u;,, dependent on the Reynolds

number and inlet temperature T;, = 550K were used. The inlet turbulent kinetic energy,
turbulence intensity and its dissipation rate were estimated using

ki, = 1.5(inlin)? I, = 0.16Re™Y8 g, = 0.09%7%k;,/0.07D respectively [46]
No slip condition was imposed on the wall

i. Atthe surface, uniform wall heat flux boundary q is applied
ii. At the outlet, a fixed atmospheric pressure is employed
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2.4 Turbulence Modelling

Previous studies in the literature [39-41] used the standard k-€ turbulence model with standard
wall treatment in predicting the behavior of turbulent molten salt flow in pipes. However, Chen et
al., [47], made a comparison between various turbulence models in the prediction of molten salts’
heat transfer and friction and concluded that the Realizable k-€ with Non-Equilibrium Wall Function
(NEWEF) for near wall treatment is the most accurate model for this type of problems.

The chosen two-equation model was developed by Shih et al, [39] to improve the flow
predictions of the standard model for flows that are subjected to rotations, vortices, and strong
streamline curvatures. Shih et al., [48] modified the standard model by deriving the dissipation rate’s
€ transport equation based on the mean square vorticity fluctuation equation, making the model
realizable and consistent with the physics of the turbulent flow [49]. The realizable model’s k-
transport equations for turbulent kinetic energy and dissipation rate are defined in Eq. (10)-(11).
Where the turbulent viscosity is determined by u: = pCuk?/e . Other terms used in the k-¢ transport
equations are defined below.

G = UeS?

k
€, = max [0.43,17"?],;7 =5-,5 = 25,5,

C,e=144,C,=19,0, =1,0. = 1.2

where Gk is a term representing the turbulence kinetic energy’s generation due to mean velocity
gradient and S represents the mean strain rate tensor modulus [50].

2.5 Computational Model

A 2D axisymmetric domain was used due to the axisymmetric nature of the physical model’s
geometry, flow, and heat flux. The fluid and solid regions were meshed using structured quadrilateral
elements as shown in Figure 2.

The numerical simulation is performed using the Ansys Fluent commercial code to solve the flow’s
governing Eq. (7)-(12) over the presented grid in Figure 2. Segregated SIMPLE algorithm [41] was used
for the pressure-velocity coupling and second order upwind schemes were applied for the
discretization of the momentum, energy, and turbulence model equation. Residual values were
monitored and a value of 107° is set as a convergence criterion.

Wall

Inlet Outlet

Axis
Fig. 2. Computational grid model
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3. Mesh Independence Study

Grid independence analysis was carried out for the case which is subjected to maximum
temperature gradient with Rein=10k, =100 kW/m? at five different grid sizes 22k, 54k, 88k, 150k
& 216k elements. The temperature at the centerline and the wall was monitored at these
different grids, as shown in Figure 3(a). Moreover, the centerline velocity was also monitored as
shown in Figure 3(b). It can be noticed in Figure 3 that the 22k element grid is not suitable since
the velocity profile is significantly apart from the rest of the grids. While the 54k element grid has
a small percentage of error with the higher element grids. It can be observed that the 88k element
grid has a very little to no deviation from the grids of higher elements, for both temperature and
velocity profiles. Thus, to compromise between the simulation time usage and accurate results
the 88k element grid was used to perform the rest of the simulation cases.

610 1.55

—— 216K Element
— 50K Element
——&8K Element
600 - —— 54K Element
———22K Element
590
"
=580
E
o
5
B
'5 570
560
550
540 . . . . . I
0 20 40 60 80 100 120 s | | |
—— 216K Element —— 150K Element i\Q.KIJl'I;-uw“ —— 54K Element —— 22K Element 0 20 40 60 80 100 120 140
—Wall = = - Centerline X/D

(a) (b)
Fig. 3. Grid independence study for wall temperature for 5 different grid
(a) Temperature comparison (b) Velocity comparison

4. Numerical Model Validation

Based on the chosen number of elements from the mesh independence test, the numerical
model was validated using the experimental and simulation Nusselt number results generated by
Qiu et al., [45]. The validation was done under the same geometrical and boundary conditions,
under 100 kW/m? uniform heat flux and 10,000-20,000 Reynolds number. Figure 4 shows a good
agreement between the simulation’s results and Qiu’s data. The shift from the experimental data
can be attributed to heat losses, the non-uniformity of the heat flux and the fact that the
properties of molten salt used for the experiment can vary slightly from the molten salt used in
the numerical simulation.
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Numerical Validation
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Fig. 4. Average Nusselt number validation for the numerical model

5. Results and Discussion

In this section, results of temperature, pressure and density between multiple cases are
presented and discussed.

5.1 Comparison for Constant Heat flux for Variable Reynolds Numbers

Figure 5 illustrates the change of density due to temperature at q=100k W/m? and different
Reynolds number, it can be observed that density gradient across the pipe’s centerline is high at low
Reynolds number and decreases as the Reynolds number increase. Figure 6 displays the molten salt’s
velocity contours. Figure 7 illustrates the local change of density due to the variation of temperature.
Figure 8 shows the variation in the molten salt’s dynamic viscosity due to the variation of
temperature, defined by the thermophysical temperature dependent properties presented in Table
1. This can be explained by Figure 9-11 that displays the temperature fields across the pipe. In the
temperature contours in Figure 9-11, the temperature gradient can be seen to be more remarkable
at the wall near the pipe walls at lower Reynolds number for the same heat flux values and that
average radial temperature gradient decreases with the increase in Reynolds number. It is noticed in
Figure 12, that the pressure along the pipe increases with the increase of Reynolds number.
Moreover, the pressure linearly decreases linearly with the axial distance. Exhibited in Figure 13, the
rate of change of axial temperature at the centerline decreases with the increase of Reynolds number
which was noticed in the temperature contour profiles.
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Fig. 6. Velocity across the pipe’s Centerline at heat flux =100 kW/m?
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Fig. 7. Density contour for Re=10k & g= 100 kW/m?
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Fig. 8. Viscosity contour for Re=10k & =100 kW/m?
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Fig. 12. Pressure across the pipe at heat flux =100 kW/m?
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Fig. 13. Temperature across the pipe’s Centerline at heat flux =100
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5.2 Comparison for Constant Reynolds Number for Variable Heat Flux

Figure 14 illustrates the change of density due to temperature at Re=50k and different surface
heat flux, it can be observed that density gradient along the pipe varies due to different applied
heat fluxes that resulted in different temperature distribution across the pipe. It is also noticed
in Figure 15, that the pressure along the pipe does not change with the change in heat flux.
Exhibited in Figure 16, the gradient of the axial temperature at the centerline decreases with the
decrease of surface heat flux which was noticed in the temperature contour profiles. The
temperature at the centerline does not change for the first portion of the pipe which was
reflected on the molten salt’s temperature dependent density in Figure 14.

1877.5 1
1877
r?’_‘
=)
o 1876.5
X,
=y
@ 1876 |—— g=10kW/m?
O
] qZBOkWImZ
< 2
1875.5 - q=50kW, m2
—q=80kW/m
— g=100kW/m"
1875 : : :
0 20 40 60 80 100 120

X/D
Fig. 14. Density across the pipe’s Centerline at Re= 50k
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The first portion of the temperature does not change because the thermal boundary layer has
not reached the pipe’s center. Therefore, the flow is considered not thermally developed yet.
Thermal entry length is proportional to both the Reynolds number and the fluid’s Prandtl number. It
can be seen in Figure 13 that it takes the fluid at higher Reynolds number more axial distance to reach
the thermal developed state, which explains why the distance of the constant temperature at the
pipe’s inlet region increases as the Reynolds number increase. However, in Figure 16 the change in
the thermal development length is very un-noticeable.

4
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Fig. 15. Pressure across the pipe at Re= 50k
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Fig. 16. Temperature across the pipe’s Centerline at Re= 50k
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6. Conclusion

The thermal and hydrodynamic behavior of the temperature dependent properties fluid,
Hitec molten salt, is analyzed numerically, after obtaining a grid independent solution, under the
effect of wide ranges of inlet Reynolds number and surface heat flux using the realizable k-

turbulence model with NEWF near wall treatment. The obtained conclusions of the study are

iv.

Temperature gradient decreases with the increase in Reynolds number

As a result of decrease in temperature gradient, gradient of thermophysical properties like
density also decreases

The pressure along the pipe increases almost linearly across the pipe with the increase of
Reynolds number

Applied surface heat flux has no effect on the pressure gradient across the pipe
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