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Klju€ne reci: U ovoj studiji istraZivan je koeficijent prenosa toplote nanofluida u bateriji sa peskovitim punjenjem
nanofluidi; koeficijent  koriscenjem pristupa racunske dinamike fluida (Computational Fluid Dynamics — CFD). Na osnovu
prenosa toplote; CFD  rezultata iz naucne literature sprovedena je komparativna analiza izmedu nasih nalaza i postojecih
podataka. Koris¢eni nanofluid se sastoji od nanocCestica aluminijum oksida (yAl,03) dispergovanih u vodi
pri koncentracijama od 1%, 2%, 3% i 4%. CFD model je validiran u odnosu na vrednosti dobijene u
slicnim studijama, a rezultati ukazuju na povecanje koeficijenta prenosa toplote nanofluida u poredenju
sa vodom.
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In this study, we investigated the heat transfer coefficient of nanofluids in a sand-based thermal battery
using the Computational Fluid Dynamics (CFD) approach. Based on results from scientific literature, we

coefficient; CFD

conducted a comparative analysis between our findings and existing data. The nanofluid used consists

of aluminum oxide (yAl,O3) nanoparticles dispersed in water at concentrations of 1%, 2%, 3%, and
4%. The CFD model is validated against values obtained in similar studies, and the results indicate an
increase in the heat transfer coefficient of nanofluids compared to water.

1. Introduction

Sand-based thermal batteries have gained increasing atten-
tion as cost-effective and robust solutions for medium- and
high-temperature thermal energy storage, particularly in the
context of renewable energy integration. Sand offers excel-
lent thermal stability, negligible degradation at tempera-
tures exceeding 500 °C, and extremely low material costs,
making it highly suitable for long-term heat retention. Re-
cent industrial deployments, such as those developed by Po-
lar Night Energy, demonstrate the feasibility of sand-based
systems at megawatt scale, where stored heat can be de-
livered over extended periods with minimal losses. Despite
these advantages, efficient heat extraction remains a major
challenge due to the inherently low thermal conductivity of
granular media and the limited performance of convention-
al working fluids such as water.

To overcome these limitations, current research focuses pri-
marily on two enhancement strategies: geometric optimi-
zation of heat-exchange channels and the use of working
fluids with superior thermophysical properties. Nanoflu-
ids — engineered suspensions of conductive nanoparticles
dispersed in conventional liquids — have shown significant
promise in this regard. Their enhanced thermal conductivity,
improved convective heat-transfer characteristics, and rap-
id thermal response make them particularly attractive for
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high-temperature storage systems. Studies such as Zhang et
al. (2022) [1] report up to 18% improvement in heat trans-
fer when Al,0; nanofluids replace water, while hybrid nan-
oparticle formulations have achieved enhancements of up
to 25% [2]. Other research highlights an optimal nanoparti-
cle concentration beyond which viscosity increases may off-
set thermal gains, further motivating the need for numerical
analysis [3-5].

Considering these developments, the present study aims to
provide a comparative numerical assessment of heat-trans-
fer behavior in sand batteries using both water and Al,0;—
water nanofluids at concentrations of 1%, 2%, 3%, and
4%. The analysis includes a transient CFD simulation of
the complete sand-battery configuration and a steady-state
simulation of fluid flow inside a uniformly heated tube, rep-
resentative of domestic thermal-energy extraction scenari-
os. The physical system consists of a photovoltaic-powered
installation incorporating a sand silo penetrated by multi-
ple fluid-carrying tubes. The thermal response is monitored
using K-type thermocouples placed along the battery length
and at the inlet and outlet of the working fluid.

The objective of this work is to examine the capacity of Al,0;
nanofluids to enhance the thermal extraction process under
the specified operating conditions and to validate the CFD
results by comparing them with trends reported in the scien-
tific literature. By evaluating both transient and steady-state
behavior, the study contributes to a deeper understanding of
nanofluid-driven improvements in sand-based thermal ener-
gy storage systems.
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2. Mathematical model

The CFD model employed in this study is based on the nu-
merical solution of the governing equations describing sin-
gle-phase fluid flow and heat transfer inside circular tubes,
subject to appropriate boundary conditions. CFD techniques
reduce the number of experimental tests required and pro-
vide detailed insight into flow and temperature fields that
would be difficult to obtain experimentally, particularly in
complex thermal-energy storage systems.

To determine the temperature and velocity distributions of
the working fluids inside the tube, the following fundamen-
tal equations are solved.

2.1. Continuity equation

This equation expresses mass conservation for an incom-
pressible fluid:

2.2. Momentum conservation equation

The fluid motion is described by the Navier-Stokes equa-
tions, which account for inertial, viscous, and pressure forc-
es:

%(;‘U)+V( Uu)=-VP+V +B (2)

2.3. Energy conservation equation

Thermal energy transport inside the tube is governed by:
0
a(ph)+V(pUCpT) =V(kVT) 3)

These equations require accurate thermophysical properties
of the nanofluid to correctly describe heat-transfer behav-
iour. Since nanofluids consist of solid nanoparticles dis-
persed in a base liquid, their effective density, specific heat,
thermal conductivity, and viscosity differ from those of pure
water. The correlations employed in this study are widely ac-
cepted in the literature and originate from validated experi-
mental and analytical work.

2.4. Thermophysical properties of nanofluids
2.4.1. Density and specific heat capacity

The density and specific heat of the Al,0;—water nanoflu-
id are computed using the analytical relations proposed by
Pak and Cho [6], based on the nanoparticle volume concen-
tration:

Pn = (1_®v)p0 +D\ P (4)

Ch :(1_®v)co+®vcm (5)

2.4.2. Thermal conductivity

To estimate the effective thermal conductivity of the nano-
fluid, the classical Hamilton—Crosser model [7] is used:

Keit _ [kp + (n=Dky — (0 -2 (ko — k)]
Ko [kp + (N =Dkog(Kg = Kpp)] (6)

where k,is the effective thermal conductivity, l<p is the ther-
mal conguctivity of the metallic particles, k, is the thermal
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conductivity of the base fluid, ¢ is the volumetric concentra-
tion of the particles, and n is an empirical shape factor de-
fined as:

n=— 7
» (7)

where ¥ represents the sphericity and is defined as the ratio
between the surface area of a sphere and the surface area of
a particle having the same volume.

2.4.3. Viscosity

The dynamic viscosity of the Al,0;—water nanofluid is evalu-
ated using the polynomial correlation developed by Nguyen
et al. (2005) [8], derived from extensive experimental meas-
urements:

1; = (3062% —0,190 +1) 1, (8)

3. Geometry and Boundary Conditions

To evaluate the thermal performance of the selected work-
ing fluids, two numerical models were constructed: a tran-
sient model simulating the thermal discharge of the sand
battery and a steady-state model isolating fluid flow in-
side a uniformly heated tube. The geometry was deliberately
simplified to preserve the essential thermal and flow char-
acteristics of the system while maintaining computational
efficiency. This approach allows a controlled comparison be-
tween different nanofluid concentrations without introduc-
ing unnecessary geometric complexity.

Figure 1 illustrates the simplified geometric configuration
used for the transient simulation. The model consists of a cy-
lindrical tube embedded in a packed sand bed. The tube has
alength of L = 200 cm and an internal diameter of d =10 cm,
while the surrounding sand bed has a diameter of D = 40 cm.
These dimensions were selected to maintain geometric sim-
ilarity with the physical installation while keeping the com-
putational demand at a practical level.

Figure 1. Geometric model for the transient sand-battery simulation

To model the thermal state of a fully charged sand bat-
tery, an initial temperature of 800 °C was imposed uniform-
ly throughout the sand volume using a patch condition. The
working fluid enters the tube at 10 °C and extracts thermal
energy as it flows along the heated region.

Figure 2 presents the geometry used for the steady-state
simulation. This model isolates the fluid domain and applies
a constant thermal boundary to the tube wall, enabling the
evaluation of convective heat transfer under uniform heat-
ing conditions. The tube maintains the same length and di-
ameter as in the transient model (L = 200 cm, d = 10 cm),
allowing direct comparison between the two scenarios.

In the steady-state configuration, the tube geometry repli-
cates the same length and diameter as in the transient mod-
el, ensuring direct comparability between the two. The tube
wall is maintained at a uniform temperature of 800 °C, rep-
resenting an idealized but relevant high-temperature oper-



ating condition. The working fluid enters the tube at 10 °C,
allowing a consistent thermal gradient to be imposed across
all simulations and fluid types.
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Figure 2. Geometric model for the steady-state fluid simulation

In both numerical configurations, the boundary conditions
were defined to support a consistent comparison between
water and the Al,0;—water nanofluids. The inlet fluid tem-
perature is fixed at 10 °C for all cases. The heat source is rep-
resented either by the initial 800 °C temperature assigned
to the sand bed in the transient model or by the constant
800 °C wall temperature in the steady-state model. Flow en-
ters the tube with predefined velocities corresponding to
the tested scenarios, while the outlet is treated as a pres-
sure boundary with zero gauge pressure, allowing the fluid
to exit without artificial constraints. The no-slip condition is
imposed on all tube walls to ensure realistic prediction of ve-
locity gradients and near-wall heat transfer.

The geometric simplifications adopted in this study strike
a balance between modelling accuracy and computation-
al cost. By reducing the domain size while retaining the
primary heat-transfer pathways, the solver can allocate a
finer mesh near the tube wall — where steep thermal gradi-
ents dominate the heat-exchange process. This targeted re-
finement improves numerical accuracy and stability. Future
studies may incorporate mesh independence analysis, mul-
ti-tube configurations, or porous-medium modelling of the
sand bed to further enhance predictive capability.

The real thermal storage module consists of nine parallel
tubes embedded in the sand bed. In the numerical model,
this configuration was simplified to a single tube surround-
ed by an equivalent sand volume. This simplification is jus-
tified by the symmetry of the physical system and the fact
that each tube experiences a similar local heat-transfer
mechanism. Furthermore, reducing the geometry to a sin-
gle representative tube allows for finer mesh refinement,
improved numerical stability, and significantly lower com-
putational cost, without altering the fundamental physics
of the heat-exchange process. Such simplifications are com-
mon practice in CFD studies of packed-bed thermal-energy
storage systems.

4. Results and discussion

The numerical results obtained for the nanofluids were com-
pared with those for water under both steady-state and tran-

sient conditions. Five working fluids were analyzed: pure
water and Al,0;-water nanofluids at concentrations of 1%,
2%, 3%, and 4%. ldentical simulation parameters were ap-
plied in all cases to allow a direct evaluation of the influence
of nanoparticle loading on thermal performance.

The temperature and velocity fields obtained from the CFD
simulations provide detailed insight into the heat-extraction
mechanisms within the sand battery. In the transient mod-
el, the fluid progressively absorbs heat from the surrounding
sand as it travels along the tube, producing a radial temper-
ature gradient characteristic of high-temperature granular
systems. The sand temperature decreases from approxi-
mately 800 °C at the external boundary to lower values near
the tube wall, indicating a strong inward heat flux dictated
by the low thermal conductivity of the granular medium..

It is important to note that, in the transient configuration,
the reported fluid temperatures do not represent the bulk
outlet temperature of the working fluid. Due to the sim-
plified thermal boundary representation — where the sand
acts as the primary heat source and the tube wall has negli-
gible thickness — the temperature values correspond to the
local thermal environment at the tube—sand interface rath-
er than to a fully developed outlet flow. The objective of the
transient simulation is therefore to characterize the cooling
dynamics of the sand bed and the radial heat-transfer be-
haviour, not to predict realistic outlet temperatures for do-
mestic heating applications.

The relatively small temperature decrease observed in the
sand bed over short time intervals may appear counterintu-
itive given the high thermal gradient between the sand and
the working fluid. However, this behaviour is consistent with
the intrinsic thermal properties of granular materials.

Sand exhibits a low thermal conductivity (approximately
0.7 W/mK), which significantly limits the radial heat flux to-
ward the tube. As a result, only the immediate vicinity of the
tube wall cools during the first minutes of operation, while
the bulk of the sand retains most of its stored energy. This
localized cooling effect is characteristic of granular sensi-
ble-heat storage systems and has been reported in previous
high-temperature studies.

Figure 4 illustrates the axial evolution of fluid tempera-
ture for all nanofluid concentrations and velocities studied.
Across all cases, the fluid temperature rises along the tube
as heat is absorbed from the surrounding sand. Notably, the
4% Al,0; nanofluid consistently exhibits the lowest outlet
temperature. This behaviour reflects its superior thermal
conductivity, which enhances heat removal from the tube
wall and maintains a larger temperature gradient through-
out the flow domain. While the exit temperature is lower, the
overall heat extraction is higher due to the increased wall-to-
fluid heat flux. These findings demonstrate that outlet tem-
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Figure 3. Temperature distribution for Al,0; nanofluid (1%) at 0.6 m/s
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Figure 4. Temperature variation in the sand bed for nanofluids
at different velocities

perature alone is not a reliable metric for evaluating thermal
performance; rather, the effective heat-transfer rate must
be considered.

Figure 5 presents a direct comparison between water and all
nanofluid concentrations. The addition of Al,05 nanoparti-
cles consistently reduces the outlet temperature relative to
water, an effect that becomes more pronounced as concen-
tration increases. This behaviour demonstrates the enhanced
heat-transfer capability of nanofluids. While nanofluids gen-
erally exhibit slightly lower specific heat values than water,
their increased thermal conductivity compensates for this,
leading to more efficient wall-to-fluid heat extraction. Con-
sequently, the nanofluids transport a larger amount of ther-
mal energy despite their lower exit temperature.

Overall, the numerical results confirm the clear advantage
of using Al,0;-water nanofluids in sand-battery heat ex-
traction systems. The 4% concentration shows the most sig-
nificant improvement, providing the strongest heat-transfer
enhancement among all tested cases. The consistency of
the results across steady-state and transient simulations
strengthens the validity of the CFD approach and demon-
strates that nanofluids can notably improve the thermal per-
formance of sand-based energy-storage systems.

5. Conclusions

This study investigated the thermal extraction performance
of Al,0;—water nanofluids in a sand-based thermal battery
designed for residential heating applications. Four nanoflu-
id concentrations (1%, 2%, 3%, and 4%) were analysed and
compared with water using both transient and steady-state
CFD simulations. The numerical models incorporated vali-
dated thermophysical correlations for density, specific heat,
viscosity, and effective thermal conductivity, enabling relia-
ble predictions of nanofluid behaviour under high-tempera-
ture operating conditions.

The results confirm that the 4% Al,0; nanofluid provides
the highest heat-extraction performance among the fluids
investigated, despite its lower outlet temperature relative
to water. This outcome is attributed to its enhanced thermal
conductivity, which promotes faster wall-to-fluid heat trans-
fer. As a result, the fluid removes more energy even if its
temperature increase appears smaller. These findings high-
light the importance of evaluating heat-transfer rates rather
than relying solely on exit temperatures when assessing the
performance of working fluids in thermal-storage systems.
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Figure 5. Comparison of outlet temperatures for
water and Al,0; nanofluids (1-4%)

The agreement between the transient and steady-state sim-
ulations further validates the numerical approach and sup-
ports the conclusion that nanoparticle-enhanced fluids can
markedly improve the efficiency of sand-based thermal en-
ergy storage systems. Based on these findings, the inte-
gration of nanofluids with sand batteries appears to be a
promising step toward the development of next-generation
high-temperature thermal storage technologies.

Future work may include experimental validation, analysis of
hybrid nanofluids, optimization of flow regimes, and evalua-
tion of long-term stability and sedimentation effects in real
operating environments.
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