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Abstract. The arising demand for reliable and clean energy sources emphasizes the need to optimize nuclear reactors. In
this context, the enhancement of the coolant heat transfer provided by nanofluids has been investigated by an increasing
number of researchers. The objective of this work is the analysis of the steady-state thermal-hydraulic behavior of the
water/alumina nanofluid as a coolant in a square arrayed rod bundle subchannels of a PWR with pitch-to-diameter ratios
of 1.1, 1.2, and 1.3 and nanoparticle concentrations (ϕ) ranging from 0 to 4.5%. The Reynolds number (Re) was varied
from 3×105 to 6×105. The mathematical model was composed of the Reynolds-averaged Navier-Stokes equations (RANS)
and the standard k-ε turbulence model, solved using the commercial Computational Fluid Dynamics (CFD) tool, ANSYS
Fluent v19.2. First, the geometric models and the meshes were created and a mesh sensitivity study was performed.
The results were successfully verified through the comparison with correlations from the literature. The Nusselt number
was found to increase with Re and ϕ, while the friction factor decreased with Re and increased with ϕ. A correlation
was proposed for the Nusselt number, valid for a wider range of parameters, compared to the existing correlations. It
was concluded that higher values of Re and ϕ as well as lower values of P/D provide a more efficient heat transfer
considering the trade-off between heat transfer enhancement and pressure drop increment.

Keywords: CFD, nanofluid, thermal-hydraulics, nuclear reactor

1. INTRODUCTION

In order to meet the world’s increasing demand for energy, it is necessary to optimize the current power generation
systems. In nuclear reactors, the enhancement of the coolant heat transfer rate is essential to decrease the design scale and
the operational costs. Recently, the use of nanofluids as high-performance coolants has been investigated by an increasing
number of researchers. The presence of dispersed nanoparticles in a base fluid, such as water, can boost the overall heat
removal as the resulting mixture, called nanofluid, presents a substantially higher thermal conductivity when compared to
the pure base fluids. The dispersion of nanoparticles within a nuclear reactor coolant may ultimately enable the reactor to
operate at a higher power level, leading to economic gains and higher safety margins.

Several experimental and numerical works have been conducted with different nanofluid mixtures. Among the most
common are water and ethylene glycol as base fluids, with metallic nanoparticles, such as copper, titanium, or aluminum
— due to their high thermal conductivity.

Primary studies of nanofluids in nuclear reactors carried out by Buongiorno et al. (2008) reported that the use of
nanoparticles rendered up to a 20%-power-density increase in the reactor core. Additionally, the presence of nanoparti-
cles did not change significantly the core neutronic behavior and the alumina nanofluid presented an acceptable coolant
radioactivity level during the shutdown, proving their suitability as nuclear reactor coolants.

The adequate modeling of nanofluids thermophysical properties is a key parameter towards achieving accurate results.
For Al2O3 (alumina), TiO2 and CuO nanofluids, with volumetric concentrations ranging from 1 to 5%, it was observed
that the fuel rod heat removal capacity was enhanced. However, it was accompanied by a significant increase in the
pressure drop due to the higher viscosity of nanofluids (Bafrani et al., 2020).

The nanofluid properties can be implemented by considering one of the two following models: a single-phase ho-
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mogeneous mixture or a two-phase mixture — assuming that nanoparticles flow in a distinct phase. Through the CFD
modeling of the water-Al2O3 nanofluid flow in a triangular array reactor, Hadad et al. (2013) concluded that the two-phase
model was more accurate for small concentrations of nanoparticles, though when the concentration was as big as 0.05%,
the difference between the two models got smaller.

The thermal-hydraulic analysis of the alumina nanofluid carried out by Zafiri et al. (2013), Zarifi and Tashakor (2015),
and Osman et al. (2019) indicated that the deviation between water and alumina nanofluid heat transfer coefficients at low
nanoparticle volume percentage was negligible, and significant changes only occurred at volume percentage values above
1.0%.

Shamim et al. (2016) studied the water/alumina nanofluid single-phase flow in a square array reactor subchannel for
high Reynolds numbers using the pitch-to-diameter ratios (P/D) of 1.25 and 1.35 and compared the results with the
correlations found in the literature. They also concluded that the convective heat transfer coefficient was enhanced with
the increase of nanoparticle concentration, and the traditional correlations for heat transfer in subchannels, such as the
Presser correlation, were unable to predict the Nusselt number under those conditions.

Considering the trade-off between heat transfer enhancement and pressure drop increment, and the lack of correlations
in the literature, it becomes necessary to further investigate the thermal-hydraulics of nanofluids in nuclear reactors sub-
channels, considering the effect of the most commonly affecting parameters, such as the pitch-to-diameter ratio and the
nanofluid volume fraction.

This work presents the Computational Fluid Dynamics (CFD) analysis of a water/alumina nanofluid coolant flowing
in a pressurized water reactor (PWR) subchannel. Three square arrayed subchannels with pitch-to-diameter ratios of 1.1,
1.2, and 1.3 were modeled to analyze the coolant flow with nanoparticle volume concentrations ranging from 0 to 4.5%,
and Reynolds number varying from 300,000 to 600,000.

2. METHODOLOGY

The physical model consists of three different subchannel geometries, corresponding to three values of P/D (1.1, 1.2,
and 1.3). The diameter of the fuel rod D was kept constant, while the pitch P varied from one geometry to another. In
order to decrease the computational cost, only 1/8 of a centralized fluid cell was modeled, considering the widely utilized
hypothesis that subchannels present axisymmetric flows, for most fluids, under forced convection (Hooper, 1980). Figure
1 illustrates the geometry, with 1/8 of the subchannel hatched.

Figure 1: Cross sectional representation of the subchannel.

For the nanofluid flow in the subchannel, the following boundary conditions were assumed:

• specified temperature, pressure, and mass flow rate at the inlet;

• uniform velocity at the inlet;

• zero velocity at the solid surface (fuel rod wall);

• symmetry condition at the side faces of the channel;

• cosine heat flux at the fuel rod wall.
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The cosine heat flux (q′′(z)) imposed is expressed by:

q′′(z) =
q′0
πD

cos
(πz
L

)
(1)

where L is the subchannel length, z is the axial position and q′0 is a constant, representing the maximum linear heat
generation rate of a fuel rod. The geometric parameters and conditions assumed are based on a PWR (Tab. 1).

Table 1: Geometric parameters and conditions of the model.

Name Symbol Value

Fuel rod diameter D 9.50 mm
Subchannel length L 3.66 m
Maximum linear heat generation rate q′0 17.80 kW/m
Pitch P 10.45 mm, 11.40 mm, 12.35 mm
Pressure p 15.0 MPa
Inlet temperature Tin 559.15 K

The nanofluid consists of Al2O3 nanoparticles dispersed in water. Four values of nanoparticle volume concentrations
(ϕ) were considered: 0.0, 1.5, 3.0, and 4.5%. The Reynolds numbers ranged from 3.0×105 to 6.0×105, with increments
of 105.

The mathematical model, considering the steady-state assumption, is composed by the following conservation equa-
tions:

Continuity equation:

5 · (ρ~u) = 0, (2)

where ρ is the density and u is velocity (m/s).
Momentum equation:

5 · (ρu~u) = −5 p+5 · ~~τ + ρ~g, (3)

where g is the acceleration of gravity, p is the pressure and τ is the stress tensor.
Energy equation:

5 · (ρ~ue) = 5 · (k5 T )− p5 ~u, (4)

where k is the thermal conductivity, e is the internal energy and T is the temperature.
The turbulence model chosen was standard k-ε, due to its faster convergence and elevated robustness. Additionally, a

standard wall function was used to enhance the fluid resolution within the boundary layer (Launder and Spalding, 1974).
The transport equations were discretized using the Finite Volumes Method implemented by the commercial CFD software,
ANSYS-Fluent v.19.2.

The nanofluid was assumed to be a single-phase homogeneous mixture. The fluid properties were implemented as
variable with temperature (fifth degree polynomials) and were calculated based on the data from NIST REFPROP v.7, for
pure water, and the following expressions, used by Bianco et al. (2009) and Shamim et al. (2016):

ρnf = (1− ϕ)ρbf + ϕρnp (5)

Cpnf
= (1− ϕ)CPbf + ϕCpnp (6)

µnf = (1 + 7.3ϕ+ 123ϕ2)µbf (7)
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knf = (1 + 2.72ϕ+ 4.97ϕ2)kbf (8)

where ρ, Cp and µ and k stand for density, specific heat, viscosity, and thermal conductivity of the nanofluid, respec-
tively. The subscripts nf , bf and np represent nanofluid, base fluid and nanoparticle, respectively.

For the analysis of the simulation results, the local properties were calculated for each of the 1,000 equally-spaced
planes, perpendicular to z, created along the subchannel. The bulk temperature Tb was defined as the mass flow averaged
temperature; the wall temperature Tw and the wall heat flux q′′, as the average along the intersection between the planes
and the fuel rod wall. The pressure p was calculated as an area average. The average velocity v was obtained by:

v =
ṁ

ρA
(9)

where ṁ is the mass flow rate and A is the area of the subchannel cross-section.
The thermophysical properties were calculated at the bulk temperature at each plane. The local dimensionless numbers

considered in this work are the following:
Reynolds number (Re):

Re =
vρDh

µ
(10)

where Dh is the hydraulic diameter of the subchannel, obtained by:

Dh =
4P 2 − πD2

πD
(11)

Nusselt number (Nu):

Nu =
hDh

k
(12)

with the local heat transfer coefficient h calculated by:

h =
q′′

Tb − Tw
(13)

Prandtl number (Pr):

Pr =
µCp

k
(14)

The Fanning friction factor f was defined as:

f = − Dh

2ρv2
∆p

∆z
(15)

The Nusselt number and the friction factor of the subchannel were calculated as the average of the local quantities
along the entire subchannel, disregarding the regions at the vicinity of the inlet and the outlet, to ensure the fully developed
flow condition. The length of these regions Ld was taken as (Todreas and Kazimi, 1990):

Ld = 40 ·Dh (16)

For the verification of the results, the correlations presented in Tab. 2 were used.
Finally, in order to compare the simulation results with the analytical model, an iterative algorithm was built for calcu-

lating simultaneously the mean temperature of the entire subchannel and the Cp at this temperature, using the following
equation for the outlet temperature Tout (Todreas and Kazimi, 1990):

Tout = Tin +
2q′0L

πṁCp
(17)



18th Brazilian Congress of Thermal Sciences and Engineering
November 16–20, 2020, Bento Gonçalves, RS, Brazil

Table 2: Correlations used in this work.

Authors Correlation

Dittus-Boelter (Todreas and Kazimi, 1990) NuDB = 0.023Re0.8Pr0.4

Re ≥ 10 5, 0.6 ≤ Pr ≤ 160

Presser (Todreas and Kazimi, 1990) NuPresser = NuDB · (0.9217 + 0.1478P/D − 0.1130e−7(P/D−1))

Re ≥ 10 5, 0.6 ≤ Pr ≤ 160, 1.05 ≤ P/D ≤ 1.90

Shamim et al. (2016) Nu = (NuPresser)water · (1 + 0.0247ϕ1.39)

3×10 5 ≤ Re ≤ 6×10 5, 0.847 ≤ Pr ≤ 1.011, 1.25 ≤ P/D ≤ 1.35, 0.5% ≤ ϕ ≤ 3.0%

Cheng and Todreas (1986)
1

4
· (0.1339 + 0.09059(P/D − 1)− 0.09926(P/D − 1)2) ·Re−0.18

0.847 ≤ Pr ≤ 1.011, turbulent Reynolds number

From the evaluated Cp, taken as a constant at the mean temperature, the bulk temperature as a function of z was
calculated by:

T (z) = Tin +
q′0L

πṁCp

(
sin

πz

L
+ 1

)
(18)

3. RESULTS

For the preliminary mesh independence analysis, the case where P/D = 1.1, ϕ = 0.0% and Re = 600,000 was taken
as reference, since this configuration presents the greatest variation of properties and the biggest velocity gradient. Eight
unstructured meshes with an increasing number of elements were generated for this case and the analyzed variable was
the outlet temperature Tout. The results, presented in Fig. 2(a), show that the most refined meshes provide very similar
results. The chosen mesh was the second most refined (7th mesh), whose cross-section is presented in Fig. 2(b). For the
other geometries, the meshes were made using the same element size and near-wall refinement parameters of the chosen
mesh in the reference case.

(a) (b)

Figure 2: 2(a) Outlet temperature as a function of the number of mesh elements, 2(b) cross-section of the chosen mesh.
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Figure 3: Bulk temperature as a function of the axial coordinate for the simulations and the analytical model (P/D = 1.1).

A comparison of the simulations and the analytical results are presented in Fig. 3, where the bulk temperature Tb was
plotted as a function of the axial coordinate z, for the case where P/D = 1.1. It can be observed that the assumption of
a constant value for Cp generates inaccuracy (especially when ϕ ≥ 3.0%), reinforcing that the variable properties model
is the most adequate for this problem. It can also be oberved from the figure that higher values of ϕ decrease the outlet
temperature, wich is in agreement with the conclusions made by Shamim (2015)

The simulation results for the Nusselt number and the friction factor as functions of the Reynolds number, for the
cases with P/D = 1.3, are presented in Fig. 4. It can be observed that the Nusselt number increases with Re and ϕ, while
the friction factor decreases with Re and increases at ϕ. The friction factor has shown to be less affected by the variation
of ϕ than the Nusselt number. The results presented a good agreement with the correlations, with an average deviation of
5.8% for Nu and 6.2% for f .

Considering that the correlation from Shamim et al. (2016) is only valid for 1.25 ≤ P/D ≤ 1.35 and 0.5 ≤ ϕ ≤ 3.0,
the following correlation has been proposed for the Nusselt number:

Nu = (NuPresser)water · (0.8963 + 0.02547ϕ1.61284) (19)

valid for 1.1 ≤ P/D ≤ 1.3, 0.0 ≤ ϕ ≤ 4.5 and 0.80 ≤ Pr ≤ 1.37.
The above correlation was obtained via nonlinear regression using the software Wolfram Mathematica v. 11.3. The

method employed was the Levenberg-Marquardt and the obtained coefficient of determination R2 was 0.992.
Figure 5 shows the relation between the Nusselt numbers obtained from the simulation and the ones calculated by

the proposed correlation. The proposed correlation presented an average deviation of 7.7%, whereas the correlation of
Shamim et al. (2016) presented a 10.4% deviation when compared to the simulation results.

The relation between the Nusselt number calculated by the proposed correlation and the friction factor calculated by
the correlation of Cheng and Todreas (1986) is presented in Fig. 6. In this figure, all the curves present a descending
behavior. This is due to the increasing Reynolds number — not represented in the figure. Thus, it can be observed that
higher values of Re and ϕ as well as lower values of P/D provide a more efficient heat transfer, which is, a higher heat
transfer enhancement for a lower pressure drop increment.
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(a)

(b)

Figure 4: 4(a) Nusselt number and 4(b) friction factor as functions of the Reynolds number, for P/D = 1.3.
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Figure 5: Nusselt number calculated by the proposed correlation as a function of the Nusselt number obtained from the
simulations.

Figure 6: Nusselt number calculated by the proposed correlation as a function of the friction factor calculated by the
correlation of Cheng and Todreas (1986).
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4. CONCLUSION

The thermal-hydraulics of the nanofluid flow as a coolant in a PWR subchannel was successfully investigated via CFD.
The results agreed with the existing correlations in the literature. The following conclusions were taken:

The Nusselt number increases with Re and ϕ, while the friction factor decreases with Re and increases with ϕ;
The correlation of Shamim et al. (2016) for the Nusselt number presented a good agreement with the results for P/D

= 1.3 — with a 5.8% average deviation —, but it was not valid for the other values of P/D studied. The correlation of
Cheng and Todreas (1986) for the friction factor also agreed well with the results — with a 6.2% average deviation, for
the case where P/D = 1.3.

A new correlation for the Nusselt number was proposed for a larger range of P/D and ϕ, and presented an average
deviation of 7.7% when compared to all the simulation results. On the other hand, the correlation of Shamim et al. (2016)
presented a 10.4% average deviation.

Finally, it can be concluded that, for the range of parameters studied, higher values of Re and ϕ, as well as lower
values of P/D, provide a more efficient heat transfer due to the higher values of Nu and the lower values of f .
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