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Abstract

This paper explores a computational approach to model multiphase heat transfer and
fluid flow in a natural circulation loop utilizing nanofluids. We propose and imple-
ment an Euler—Euler framework in a CFD environment, incorporating an innovative
boundary condition to preserve mass conservation during thermophoretic particle
flux. The model’s accuracy is verified through a one-dimensional example, by com-
paring results against both an Euler-Lagrange model and an in-house finite volume
solution. Experimental validation is conducted with aluminum oxide nanofluids
at varying nanoparticle concentrations. We prepared the nanofluids and measured
their thermophysical properties up to 60°C. We assess the thermal performance of
the nanofluid in natural circulation loop at different heating powers via experiment
and numerical simulations. The findings reveal that the heat transfer enhancement
offered by the nanofluid is modest, with minimal differences observed between
the proposed Euler—Euler approach and a simpler single-phase model. The results
underscore that while the Euler—Euler model offers detailed particle—fluid interac-
tions, its practical thermal advantage is limited in this context.

Keywords CFD - Euler—Euler - Multiphase flow - Nanofluid - Natural circulation
loop - Thermophoresis

List of symbols

Ansys Fluent implementation of the diffusion term
Thermal conductivity [W-(m™!-K™1)]

Dynamic viscosity [Pa‘s]

Normal derivative, V - 711

Scalar field

Density [kg:m™3]

Stress tensor [Pa]

Nanoparticle volume fraction [-]
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F Ansys Fluent implementation of the advection term
}:p Nanoparticle mass flux [kg-(m=2 s71)]

u Velocity field [m/s]

A Area [m?]

c, Specific heat capacity [J-(kg™'K™")]

Dy Brownian diffusion coefficient [m?-s™']

d, Nanoparticle diameter [m]

Dy Thermophoretic diffusion coefficient [m2-s~!]

G Temperature gradient [K-m™]

g Gravitational acceleration [m-s™2]

kg Boltzmann constant [J-K™!]

L Characteristic length [m]

p Pressure [Pa]

q Heat flux [W-m™2]

R;,M; Fitting constants [-]

S Ansys Fluent implementation of the source term
Sh Heat source term [W - m™3]

T Temperature [K]

~

Time [s]
x,y,z Cartesian coordinates

1 Introduction

It has been more than twenty years since Choi and Eastman [1] introduced the
concept of dispersion of nanoparticles in base fluids, the so-called nanofluids, and
emphasized their potential due to their high thermal conductivity. Since then, exten-
sive experimental and numerical research [2-9] has expanded our understanding of
the benefits of nanofluids in a wider range of systems and applications. At the same
time, the challenges nanofluids present have also been increasingly recognized.

On the one hand, study of nanofluids is an active research topic in chemical
science [10-14], where subjects such as stability, synthesis methods, and ther-
mophysical properties are of interest. On the thermal engineering side, one of the
challenges is the performance of numerical simulations. Numerical simulations are
routinely used in the development of heat exchangers [15] and other heat transfer
devices where a nanofluid is a possible working fluid. The uncertainty in predict-
ing the heat transfer performance of devices working with nanofluids is still large
in numerical simulations [16]. Recently, a numerical round-robin study, in which
several research groups looked at the same very simple heat exchanger operating
with a nanofluid [17] showed that the simulation results differ greatly when using
different approaches, such as different mathematical models of the nanofluid or the
use of different numerical methods. Similar conclusions were drawn in other studies
comparing different mathematical models to describe the transport phenomena with
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nanofluids [18]. As will all active research fields, the use of artificial intelligence
(A.L) supported techniques is also popular [19, 20].

In this work, we aim to contribute to the pool of knowledge on numerical mod-
eling of transport phenomena using nanofluids in a nanofluid-based natural circula-
tion loop. We present two approaches for modeling nanofluids and compare them
with experimental measurements. The approaches compared in this work are the
single-phase approach and the Euler—Euler approach. We model nanofluids with the
single-phase approach only for the sake of comparison. The novelty of this research
lies in our implementation of the Euler—Euler approach. The starting point is the
mathematical description proposed by Buongiorno [21-25]. We then propose a
novel implementation of the model in the commercial CFD code Ansys Fluent and
introduce a mass-preserving boundary condition that has to be specifically devel-
oped to treat both the diffusive and thermophoretic particle mass fluxes.

The developed method is verified with experimental measurements of tempera-
tures in a natural circulation loop (NCL). NCLs are passive systems without moving
or rotating mechanical parts. The density gradient between the hot and cold sides
drives the system so that it can transfer heat from one side to the other by natural
convection. We have developed a single-phase system in which the density gradient
is caused solely by a temperature gradient and there is no phase change. This type
of system has a wide range of applications due to its simplicity and reliability [26].
They are used in various technical applications, including cooling turbine blades,
solar water heaters [27], core of nuclear reactors, cooling electronic chips, and for
refrigeration.

The main objective of this paper is to present and evaluate a numerical
Euler—Euler modeling framework for the simulation of multiphase heat transfer and
fluid flow in a nanofluid-driven NCL. The main objectives are as follows: to develop
and implement the Euler—Euler model using a novel mass-conserving boundary
condition to treat the thermophoretic particle flux. The model is then experimen-
tally validated and used to evaluate the heat transfer enhancement of NCL operated
with nanofluids. Finally, we compare the new model with a simpler single-phase
approach.

2 Materials and Methods

The aim of this study is to simulate the flow of a nanofluid using two different mod-
eling approaches: the Euler—Euler approach and the single-phase approach. The
nanofluid consists of a base fluid with dispersed nanoparticles that improve its ther-
mal properties.

In the Euler—Euler modeling approach, the flow of the nanofluid is modelled using
the Buongiorno [21] mixture model. This model treats the base fluid and the nano-
particles as two interacting continua and captures the relative motion between them.
Various physical mechanisms, including Brownian diffusion and thermophoresis,
influence the interaction between the nanoparticles and the fluid. A major challenge
arises at the boundaries where either the heat flux or the temperature is fixed. The
presence of thermophoresis leads to an inconsistency in mass conservation when the
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standard “no-flux” boundary condition is used for the concentration of nanoparticles
in a closed system. To solve this problem and ensure the correct conservation of
nanoparticle mass, the thermophoretic term was added to the advective term.

The single-phase approach, on the other hand, treats the nanofluid as a homoge-
neous fluid with measured thermophysical properties, such as thermal conductiv-
ity and viscosity, based on the volume concentration of the nanoparticles. The key
assumption in this approach is that the concentration of nanoparticles remains uni-
form throughout the entire region, which means that the relative movement between
the nanoparticles and the base fluid is neglected. This simplifies the flow to a sin-
gle-phase scenario, which is computationally less demanding, but does not provide
the ability to capture the detailed interactions present in the Euler—Euler approach,
which provides a more complete picture that is resembling the actual nanofluid flow

One of the biggest challenges with the Euler—Euler approach was to ensure mass
conservation at the boundaries due to thermophoretic effects. In contrast, the single-
phase model assumes a uniform concentration of nanoparticles, which simplifies the
modeling, but at the cost of potentially overlooking complex interactions present
between fluid and particles.

2.1 Experiments
2.1.1 Measurement of Nanofluid Thermophysical Properties

For the experiments presented in this work, we prepared Al,O;-water nanofluids
with 0.5, 1, and 2 vol. % by the two-step method. 25 nm-sized Al,O; nanoparticles
of necessary amounts (measured via WSA-224 analytical balance) to prepare the
target concentrations were mixed with deionized water using magnetic stirring for
30 min (using a MTOPS HSD180 magnetic stirrer) at 500 rpm. No stabilizing addi-
tives were added and the samples were not further homogenized or ultrasonicated.
The thermophysical characterization of the samples includes measurements of vis-
cosity and thermal conductivity, which were performed for different concentrations
of nanoparticles and sample temperatures.

The viscosity measurements were carried out using the SV-10 sine-wave vibro
viscometer, which works according to the tuning fork vibration method [28]. The
viscometer has a measuring range of 0.3 — 10* mPas. During the measurements,
the temperature of the sample was modulated between 20 — 60 °C in a container
equipped with a water jacket using a Mikrotest water circulation bath. The viscom-
eter was calibrated using water as a reference fluid and a one-point calibration with
water was performed between each nanofluid measurement.

The thermal conductivity of the samples was measured with the modulated hot-
wire sensor (HW), which is based on a hot-wire thermal probe with alternating cur-
rent excitation and 3w lock-in detection [29]. In the 3wHW method, the hot wire on
the probe is immersed in the fluid sample. It acts both as a heating element to excite
the fluid and as a sensing element to measure the temperature rising around the wire,
which depends on the thermal conductivity of the sample. The wire is excited by
a sinusoidal voltage with a fundamental frequency of “w.” The excitation causes

@ Springer



International Journal of Thermophysics (2025) 46:40 Page50f28 40

a power dissipation in the wire with the frequency “2w” and it causes a tempera-
ture oscillation at the interface between the wire and the fluid with the same fre-
quency “2w.” Since the temperature oscillation causes a simultaneous oscillation of
the resistance of the HW with 2w, the excitation current generates the 3rd harmonic
magnitude (3w voltage) at the HW probe. The method was validated with pure fluids
such as water, methanol, ethanol, and ethylene glycol and provided accurate thermal
conductivity ratios within +2%. Further details about the setup can be found else-
where [30, 31].

2.1.2 Experiments With the Natural Circulation Mini Loop

To validate the proposed numerical approach, we performed an experiment with an
aluminum oxide nanofluid in a natural circulation loop. The loop was built from
copper pipes, as they have good thermal properties and good moldability (see
Fig. 1a). Plastic pipes were used as an extension of the inlet section designed to cre-
ate a fluid inlet that also served as an expansion vessel and became an easily accessi-
ble fluid change point for the user. It was decided to measure the temperature of the
fluid. As the measuring diameter of the thermocouples used is 1 mm, inserting the
thermocouple into the pipe creates a 5% blockage in the flow area. To limit the effect
of this blockage on the flow, the thermocouples were placed in contact with the flow
and close to the inner wall. A sufficient length of nickel-chromium heating wire was
wound around the heating area of the system to provide the required power input.
Power input to the system is provided by controlling the current and voltage with
the Aim-TTi CPX400DP programmable DC power supply. The uncertainties for the
power input are calculated as 1.11%, 1.59%, and 3.9% for heating powers of 50 W,
30 W, and 10 W, respectively.

The installation of the brazed copper loop is shown in Fig. la. As the copper
pipe is electrically conductive, an insulating tape with high thermal conductiv-
ity was applied around the heating area to prevent electrical contact between the
heater and the copper pipe. The installation of the thermocouples used to measure
the flow rate and their position on the pipe wall are shown in Fig. 2. After all
thermocouples were installed, the system was tested for leaks. The system was
operated for 2 h at different heating powers (10W, 30W, and 50W) with water

Fig. 1 (a) Copper loop after brazing. (b) Nickel-Chrome heater wire wrapped around the heater section
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Fig.2 (a) Loop section with thermocouples attached. (b) Axial location of the thermocouples on the
copper pipe

added to the system. The system was then cooled down and switched on again.
It was found that the system did not leak despite the expansion and contraction
at varying heating powers. For the cooling area, a water jacket was made from
ABS material using a 3D printer and then coated with epoxy resin to prevent
leaks. The designed and manufactured water jacket can be seen in Fig. 3. After
the water jacket was manufactured and coated with epoxy, the system was tested
again for leaks. Following the leakage tests, the system was completely insulated.
The experimental setup was then attached to a frame made of aluminum profiles

Fluid Inlet

Water Jacket
Inlet & Outlet

&
G P -

| 145.2

-

-

Fig. 3 Designed and produced water jacket for the cooling section
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to hold the setup at a fixed angle. The system with all pipework ready for the
experiments can be seen in Fig. 4b.

In the experimental setup, CLS CLRC-17 cooled circulation bath with 0.1°C sen-
sitivity was used to supply cooling water at a constant temperature. The power input
to the system through the heater wire was ensured to be constant throughout the
experiment with a voltage and current-controlled power supply. Experimental tem-
perature data of the K-type thermocouples was logged via ORDEL UDL-100 Uni-
versal Data Logger. The uncertainty of a standard type-K thermocouple is generally
defined as +0.75% of the measured value or 0.5 °C below 100 °C [32]. Therefore, all
the measurement errors are based on 0.5 °C of uncertainty for thermocouple read-
ings. There are a total of eight thermocouples in the experimental setup, two for
water jacket inlet and outlet, four for fluid temperature at both sides of the loop, and
two for measuring heat loss in the heater area. See Fig. 5 for locations of T, and
T,... on the legs, which were used for comparisons. Temperature validation study on
deionized water was performed for three different heater powers. The experiments
were repeated twice with three days in between and the results were validated.

2.2 Numerical Model

The flow in a single-phase natural circulation loop, which we aim to model in this
paper, is laminar and steady. The nanofluid is modeled as a Newtonian fluid with
a temperature-dependent density. We model the nanofluid itself as well as the heat
transfer in the pipe material. As the cooler is located above the heater, the hot fluid

a) Vacuum Pump
Connection

Expansion Tank

Water-Jacket Inlet

Fluid Inlet

Thermocouples .

Insulation Heater Connection
Copper Pipe

Fig.4 Experiment setup
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Fig.5 Cross-section of the natural convection mini loop heat exchanger geometry. The cooling region is
140 mm long and the heating region is 110 mm long and the rest of the heat exchanger is insulated

flows upward and is cooled on the walls of the cooler. The cooled fluid then flows
down the other side of the loop and is reheated when it reaches the heater. In this
way, the natural circulation of the working fluid within the loop is established.

We propose the use of the Euler—Euler approach to model the flow of the nano-
fluid inside the loop. The continuity equation for the nanofluid is

0P,y
ot

+V - (pii) = 0 (1)

where Puf is the density of the nanofluid,  is the time, and # is the velocity field. The
conservation of momentum is described by

ot

where p is the pressure, 7 is the stress associated with diffusive transport of momen-

tum, and g is the gravitational acceleration. The energy equation is written in the
following form:
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0(pnfcp’nfT)

S AV iy T) =V - (4yVT) 45, 3)

where ¢, is the specific heat capacity of the nanofluid, 7 is the temperature, 4, is
the thermal conductivity of the nanofluid and S;, is the heat source. In our case, we
also solve one additional conservation equation for the nanoparticle volume concen-
tration, .

In the Euler—Euler approach not only is the base fluid described with fields,
also the nanoparticles are modeled via a concentration field. We use the volume
fraction, ¢, to describe nanoparticles behavior. The transport equation for the
nanoparticle volume fraction in the absence of chemical reactions is as follows
[21]:

op . 1. -

—+u-Vo=——V-j,

o oV I @
where p, is the nanoparticle density and j_; is the diffusion mass flux of the nano-
particles and represents the nanoparticle flux relative to the nanofluid velocity u. If
we assume that the external forces are negligible, j; is the sum of only two diffusion
terms: the Brownian diffusion and the thermophoresis:

2 = 2 vT
Jp =Jp.B +.]p,T = _ppDBV(p - ppDT7' (5)

Here, Dy is the Brownian diffusion coefficient, modeled by the Einstein—Stokes
equation

o kT )
B 3np,d) ©)

where kj is the Boltzmann constant and d,, is the particle diameter. The viscosity y,,
is the viscosity of the base fluid—water. It is calculated as follows [33]:

u, = 2414 - 1075 - 107100, )

where the temperature is given in Kelvin. The thermal diffusion coefficient Dy is
calculated as

D, = 0262w Hw
P =026 s ®)

where 4, is the thermal conductivity of the nanoparticles and p,, is the density of
water and is calculated as [33]

p,, = 821.27 + 1.4824 - T — 0.002992 - T2, )

where the temperature is given in Kelvin and 4, is the thermal conductivity of water,
which is calculated as follows [33]:
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T T \?
=0. —1.48445 + 4.122 2(—) —1. (—)
A, 06065< 8445 + 412292 32— 63866 ( 2513 (10)

with the temperature in Kelvin. The final form of the nanoparticle transport equation
is as follows:

VT]. )

Jdo -

T =V-[D Vo + Dy

or @ Y@ T~
Equation 3 for the conservation of energy must be modified to take into account the
additional heat flow caused by the movement of the nanoparticles. Therefore, we

reformulate it by adding a source to the energy equation, S, which models the heat
flow due to the motion of the nanoparticles:

VT
Si = 2ypy(DsVp + Dp ) - VT, (12)

With this, we can rewrite the energy conservation equation for the mixture as
follows:
0Py CpneT)
ot

Vg, =V (4 T) + 0,5, (DVe0 + Dy ) VT,

(13)
The presented model is thus made up of four governing equations, describing the
law of conservation of mass (Eq. 1), the law of conservation of momentum (Eq. 2),
the law of conservation of energy (Eq. 13), and the law of conservation of volume
for the nanoparticles (Eq. 11).

2.3 Implementation of the Model in Ansys Fluent

Ansys Fluent is a computational fluid dynamics simulation tool, which can solve
various fluid flow and heat transfer tasks. In its native state, it is not prepared to han-
dle our proposed Euler—Euler nanofluid model. However, it does give the user the
tools needed to implement such models.

The native Fluent implementation lacks the nanoparticle concentration equation
(11). Thus, we first implemented an additional transport equation into Fluent with
the User-Defined Scalar Equation for a scalar ¢. Ansys Fluent solves a transport
equation in the following form:

%+V-(F¢—F¢V¢)=S¢, (14)
where the terms from the left to right model accumulation, advection, diffusion, and
sources. A few modifications of the terms must be made to modify the Ansys ver-
sion of the transport equation (14) to solve our nanoparticle transport equation (11).

First, we use the DEFINE_UDS_UNSTEADY macro to redefine how the accu-
mulation term is calculated. We define it as follows:
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dg 0 (@)" = ()" AV AV
—=— ] —(pdVr—|—/———| - AV=-—@"+ —¢",
ot /ar((p) [ At Ar? * ar? (15)

where p¢ in the original implementation (14) is replaced by @, which in our case
represents the volume concentration of the nanoparticles.

With the macro DEFINE_DIFFUSIVITY we can specify the diffusivity I'y
for the user-defined scalar transport equation. In our case, we model Brownian
motion with this term and I, is calculated as

r.—D.— kT

o =B = 3aud (16)
What remains is the modification of the calculation of the advective term and the
inclusion of thermophoretic diffusivity. In Ansys Fluent, we can use the macro
DEFINE_UDS_FLUX to define how the advective term is calculated. The macro
must specify the advective flux through the face of an element, i.e., the value of
AF - n, where A is the area of the face and 7 is its normal. One can access the advec-
tive flux given by the solver using the macro F_FLUX macro: F; = Apu - ii. With
this, we can define

FFL Aw ”w vT -
F=—+4+A(1026—————|— ] - n.
p <[ (24, + 4,) pw] T) " {an

This term represents the transport due to the fluid velocity and an additional trans-
port due to the thermophoretic force. The reason for including the thermophoretic
effect in the advective term and not as a source term in the transport equation for
the nanoparticle concentration was to ensure that the volume concentration of the
nanoparticles is maintained. This formulation was chosen because adding thermo-
phoresis as a source term would falsely imply that particles are generated or lost in
the system, which is physically incorrect. Furthermore, a source term can influence
the concentration independently of the boundary conditions if a no-flux boundary
condition is set for the concentration of nanoparticles on all walls, which leads to
unphysical behavior. By including thermophoresis in the advective term, it becomes
part of the total particle flux and correctly represents the redistribution of nanoparti-
cles due to the combined effects of bulk fluid motion and thermophoretic drift. This
approach maintains the conservation of the volume concentration of the nanoparti-
cles and respects the no-flux boundary conditions. This ensures that particle flow is
correctly accounted for without implying its generation or loss, resulting in a model
that accurately represents the physical processes involved. Previous studies, such as
[22], have not given special attention to the treatment of the thermophoretic term
and to the no-flux boundary conditions. They added the thermophoretic term to the
Brownian diffusion and prescribed dp/on = —D;/DgdT /on.

Using (15), (16), and (17) in (14) enables us to transform the Ansys implemen-
tation of a general transport equation to nanoparticle volume fraction transport
equation (11).
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2.4 Temperature- and Concentration-dependent Fluid Properties
of Nanoparticles

The thermophysical nanofluid properties depend on the concentration of the nan-
oparticles and also on the temperature. Experimental measurements of the ther-
mophysical properties were performed for three different concentrations and for a
temperature range between 20 °C and 60 °C and they we extrapolated up to 97 °C.
The results are shown in Fig. 6. We used the mixing rule to calculate the density
of the nanofluid as follows:

P = Pyl — @)+ p, 0, (18)

where the density of water depends on temperature (Eq. 9) and the density of solid
nanoparticles is constant (p, = 3970kg - m™3). Based on the experiments performed,
we determined predictive expressions for modeling the change in viscosity and ther-
mal conductivity of the nanofluid with the temperature and concentration of the
nanoparticles. We found that choosing a second-order polynomial to describe the
concentration relationship and a third-order polynomial for the temperature depend-
ence works best. The resulting models are as follows:

Z‘J{ [%ZK;]] } =R -T+R, -T2+ Ry, - T+R,) X (M, - 0* + My - @ + M),
19)
with the coefficients R; and M, listed in Table 1.

Since the variations of the specific heat capacity with temperature are mini-
mal, a constant value is used for each simulated case. For the case with 0.5%
nanoparticle volume concentration, ¢, , = 41197 - (kg™'k™") was specified, for 1%
4054 J-(kg~'K~!) and for 2% 3926 J (kg_lK 1. Thermal conductivity of the nan-
oparticles is 4, =25 W - m~'K™! and their diameter is d, =25 nm.

a) b)
1.2 . 0.69
0.68 ;,,-"‘5"':'"}
1r N 0.67F ,|~5';i:i=':t :
0.66 ¥
= Exp. 0.5% < v Exp. 05%
L 08t it 0.5% - - - S 065t T it 0.5% - - - |
% £ v %
0.6 xp. 2% — 0.63} S xp. 2% = |
7 ’ it 20 - T ’ T it 2% -----
= R . ~ 0.62 | '5
04} Ttiral e ¥ 061 s
IR 061§
0.59

290 300 310 320 330 340 350 360 370 290 300 310 320 330 340 350 360 370 380
T'[K] T [K]

Fig.6 Measured and extrapolated thermophysical properties of alumina nanofluid: (a) dynamic viscosity
and (b) thermal conductivity
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2.5 Geometry and Boundary Conditions

From the temperatures measured at the measuring points in the loop, it appears that
some of the heat is transferred by conduction through the copper material. For this rea-
son, we have decided that the numerical model has two regions, the fluid region and the
copper pipe. The heat is supplied to the lower part of the pipe via an electric resistance
heater that is tightly wrapped around the copper pipe. Part of the heat is conducted into
the nanofluid and another part travels along the pipe by conduction. The same effect
was observed near the pipe section where the cooling jacket is located, where the cool-
ing water absorbs heat from the fluid and the pipe. A sketch of the numerical model
can be found in Fig. 4. The loop was made from a copper pipe with an inner diameter
of 4.75 mm and an outer diameter of 6.36 mm. The section where the cooling jacket is
located is at the top and is 135 mm long. These dimensions were used to create a 3D
model of the loop.

The boundary conditions were defined as follows. The outer part of the solid
region has the no-flux boundary condition in the isolated section. In the heater sec-
tion, we specify the power (10, 30, or 50 W). For the cooler section, we have used
two different boundary conditions. A constant temperature of 21 °C and a convec-
tive boundary condition with a heat transfer coefficient of 2000 W - (m~2K~!) and
an ambient temperature of 21°C. The inner part of the solid region is in perfect con-
tact with the fluid region, which means that the temperature is continuous across this
boundary and that the heat flow is maintained across the boundary. Since the outer
boundary of the fluid region is in contact with copper, a no-slip boundary condition
was used there. Initially, a uniform distribution of nanoparticles was assumed, so
that the volume fraction of nanoparticles was set to 0.5, 1, or 2% everywhere in the
fluid region.

3 Model Verification

We devised a one-dimensional test case to verify the implementation of the pro-
posed model into Fluent. Three approaches were compared: The Euler—Euler
approach developed in this work, a 1D in-house finite volume method developed in
Matlab and a Lagrangian approach, where particle movement is modeled by track-
ing individual particles.

We consider a stationary nanofluid with constant thermophysical properties in a
domain x € [0, L] heated to a temperature that can be described as

T(x) =T, + xG, (20)

where G is a constant temperature gradient and 7|, the temperature at x = 0. If one
employs the mixture model (Buongiorno [21]), the equation governing nanoparticle
concentration is

op = - VT
L =V.(D,Vo+D,~ ).
gy <B<p TT> (21)
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where @ is the nanoparticle volume fraction. The Brownian Dy = aT and thermo-
phoretic D, = b diffusivities can be estimated using the a and b constants:

=t b=026—F
T 3zud, 0T T 2k+k, @2)
Thus, in 1D, we are solving
dp d bG
— = Ty +xG)— + —_—
dr d((o x) T, +1G” ) 23)
in a domain x € [0, L] with no-flux boundary conditions
do
x=0:a1, L + % =0, (24)
dx T
_bG
=L :aT,+ LG =0,
X ra(T, ) To 3 G (25)
and an initially constant nanoparticle concentration field
ot =0) = @,. (26)

For the purpose of this verification experiment, we assume that there is a nanofluid in
the domain, with constant thermophysical properties of the same order of magnitude
as those of an aluminum oxide nanofluid: v =10"m=2-s7,, 4, = 0.6 W - m~ 'k,
4,=25W-mK™", and d, =20nm, which yields a =738 10" m? - (s7' - K™")
and b=5.95-10""- m?-s~.. The domain is L =2.5mm long. The temperature
profile inside is linear with T, =303 K and G = 16000K - m~L, which relates to
a temperature difference of 40 K between the ends of the domain. Starting with
@y = 0.03 we simulate the development of the concentration profile with time gov-
erned by equations (23) - (26). We have solved the problem with an in-house 1D
implementation of the finite volume method specifically tailored to this problem, by
implementing the appropriate conditions in Ansys Fluent, as proposed in this work,
and using an in-house Lagrangian particle tracking approach [34]. We compare the
concentration profile across the domain for all three methods in Fig. 7 and observe a
very good agreement between the results of all three methods, confirming the valid-
ity of our novel implementation in Ansys Fluent. The results clearly show that due
to thermophoresis the nanoparticle concentration in the direction down temperature
gradient is significantly increased.

4 Results
In this section, the numerical results of the simulation of nanofluid flow and heat

transfer in the loop are analyzed using different modeling approaches and bound-
ary conditions. The section starts with a grid independence study to ensure the
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Fig. 7 Nanoparticle concentration profiles in the 1D domain at £ = 1000 s. Solutions obtained with an
in-house implementation of 1D finite volume method, the Ansys Fluent implementation proposed in this
work and a Lagrangian particle tracking (LPT) approach are presented and show good agreement

reliability and accuracy of the computational model. We then analyze the difference
between two different boundary condition implementations at the cooling region.
Next, we perform a comparative study between the Buongiorno mixture model and
the single-phase model using measured thermophysical fluid properties under the
boundary condition of a constant temperature to evaluate the differences in the pre-
dicted results and assess the impact of additional transport phenomena considered in
the Buongiorno model. We then examine the results obtained by applying the Buon-
giorno mixture model with a convective boundary condition to the cooling region,
reflecting more realistic cooling conditions as observed in the experiment. Finally,
in the last subsection, a numerical parameter study is presented in which the influ-
ence of the nanoparticle diameter d, on the thermal and fluid properties of the sys-
tem is investigated.

4.1 Grid Independence Study

To assess numerical accuracy, three structured computational grids with different
densities were created, resulting in a final grid with 492800 elements. The coarse
grid had 161539 elements, the medium 492800 and the dense 1293120 elements.
Figure 8 shows the grid design.

Based on the results obtained, a Richardson extrapolation was performed com-
paring the maximum temperature of the nanofluid in the system. The element size
ratio for the dense and medium grids was 1.38 and 1.45 for the medium and coarse
grids, respectively, resulting in a GCI (Grid Convergence Index) of 0.28 % between
the fine and medium grids and 0.37 % between the medium and coarse grids. As
the differences between all grids considered are almost negligible, a coarse grid
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Fig. 8 Presentation of the grid
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was chosen for the final calculations. The convergence criterion was set to 1076 to
ensure the conservation of mass, momentum, energy, and volume concentration of
the nanoparticles.

4.2 Constant Temperature Boundary Condition

First we set a Dirichlet type the boundary condition at the cooled region of the loop,
choosing a constant value of the temperature there T = 21 °C.

4.2.1 The Proposed Mixture Model Results

The predictions of the numerical model for the maximum temperature (15 =T,,,,)
are consistently lower than the experimental measurements, as shown in Fig. 9a.
Both the model and the experiments indicate that 7 increases with the concentration
of nanoparticles at lower heat flow rates. At higher heat flow rates, we can observe

a)
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10 W Exp. 20 10 W Exp.
10 W Num. --8-- 1 o 10 W Num. --e--
‘30 V}' Exp. = 151 7 30 \t\' Exp.
30 W Num. --e-- S e a2 30 W Num. --e--
50 W Exp. ] < LA “ 50 W Exp.
50 W Num. --e-- 10 b 50 W Num. --e--

30 5L

20 Lt n n n n N

0 0.5 1 15 2 2.5 0 0.5 1 1.5 2 2.5
@ [%] ¢ 7]

Fig.9 (a) Temperature in the pipe after the heater 7,,,, (b) temperature difference AT between the cold
leg and hot leg for the case with constant temperature of 21°C at the cooled section for Buongiorno’s
mixture model
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the same pattern from the numerical results, as the maximum temperature increases
with the increase of nanoparticle volume concentration.As for the temperature dif-
ference (AT) between the cold and hot legs, the model predicts an increase in AT at
higher nanoparticle volume concentration, as shown in Fig. 9b. The same trend is
observed in the experiment. This is due to a decrease in mass flow rate, as shown in
Fig. 10b. Since the specific heat is constant for each nanofluid, the decrease in mass
flow rate leads to higher temperature differences as the same amount of heat has to
be transferred from the heated to the cooled section. As the volume concentration
of the nanoparticles increases, the viscosity of the nanofluid increases (see figure 6)
leading to higher viscous losses and lower mass flow rates of the nanofluid in the
loop. When analyzing the efficiency of the heat exchanger, as shown in Fig. 10b,
we find that the efficiency decreases with an increase in heat flow. This behavior is
due to the fact that at lower heat flux rates, the length of the cooling section is suf-
ficient for the temperature of the fluid at the end of the cooling section to approach
the temperature of the cooling medium. As the heat flow rate increases, less time is
available for heat transfer, so the temperature of the fluid downstream of the cooler
remains higher, resulting in a lower effectiveness of the heat exchanger. We also find
that the effectiveness of the heat exchanger increases with volume concentration of
nanoparticles. Nanoparticles increase the thermal conductivity of the fluid and thus
improve the heat transfer rate in the heat exchanger. As the concentration of nano-
particles increases, the ability of the fluid to conduct heat improves, allowing for
more effective heat exchange between the hot and cold sides. While the higher con-
centration of nanoparticles can increase the effectiveness of the heat exchanger by
promoting better thermal contact and more efficient heat transfer, it must be weighed
against the practical limitations of increased flow resistance.

In Fig. 11, we see the temperature distribution inside the loop at three different
heating powers (10 W, 30 W, and 50 W). The hot fluid is first heated at the heating
section and flows upward along the left leg of the loop. As it rises, the temperature
of the fluid increases due to the heat supply. As soon as the fluid reaches the upper
end of the loop, it begins to cool down and flows downward along the right-hand
leg due to gravity and the cooler environment. This creates a continuous cycle of

a) b)

0.0005 T T T T 1

0.0004 -

10 W Exp.

Z 00008y 10 W Num. --a-- | . -
=N 30 W Num. --e-- l;.(] W N,;‘;{,. .
s 50 W Num, --o-- 30 W Num.

£ 0.0002 F, 50 W Exp. —

.............................

50 W Num. --e--

.
0.0001

Fig. 10 (a) Mass flow rate of the nanofluid inside the loop 2 and (b) effectiveness e for the case with
constant temperature of 21°C at the cooled section for Buongiorno’s mixture model
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Fig. 11 Comparison of temperature distribution at heating power 10 W (left), 30 W (center), and 50 W
(right) with constant temperature boundary condition at the cooler section for three different concentra-
tions: @ = 0.5% (top), ¢ = 1% (second row), and ¢ = 0.5%(bottom)

heating, upward flow, cooling, and downward flow within the loop. At a lower heat
flow rate of 10 W, the temperature gradient within the loop is relatively low. The
fluid experiences a gradual increase in temperature as it moves up the left leg and
a corresponding decrease along the right leg as it cools. This indicates that the heat
transfer at this heat input is moderate. At the highest heat flow rate of 50 W, the
temperature distribution within the loop becomes even more pronounced. The fluid
reaches a higher temperature faster in the heating section and the cooling effect in
the cooling section is also more pronounced. This indicates that the heat transfer
rate within the loop increases at higher heat flow rates. The strong thermal gradients
observed in this heat flow indicate a highly dynamic system in which the heat is
transferred and circulates quickly.

Figure 12 shows the distribution of the volume concentration of nanoparticles
inside the loop for three different average concentrations of nanoparticles (0.5%, 1%,
and 2%) and three different heating powers (10 W, 30 W and 50 W). The analysis
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Fig. 12 Comparison of concentration distribution at heat flow rate of 10 W (left), 30 W (center), and
50 W (right) with constant temperature boundary condition at the cooler section for three different con-
centrations: ¢ = 0.5% (top), ¢ = 1% (second row), and ¢ = 0.5%(bottom)

reveals how the distribution of nanoparticles is affected by different heat flow rates,
while the average concentration remains constant in each case. The results show
that as the heat flow rate increases, both the maximum and minimum values of the
nanoparticle concentration within the loop increase, while the average concentra-
tion remains constant at the specified value (e.g., 2% for the case with an average
concentration of 2). At the lowest heat flow rate of 10 W, the nanoparticle concentra-
tion field within the loop remains relatively uniform for each average concentration
scenario. The lower heat input creates weaker convective flows, resulting in limited
migration or clustering of nanoparticles. In this case, the concentration of nano-
particles is largely determined by diffusion, which maintains a relatively uniform
distribution around the average concentration in the loop. The concentration vari-
ations are minimal, indicating that the thermal gradients at this low heat input are
not sufficient to cause significant transport or accumulation of nanoparticles. As the
heat flow rate increases, the variability of the nanoparticle concentration distribution
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becomes even more pronounced. The intense convective flows and the stronger ther-
mal gradients lead to a stronger redistribution of nanoparticles due to the combined
effects of thermophoresis and Brownian motion. The maximum concentration val-
ues reach their highest values at a heat flow of 50 W, indicating an accumulation of
nanoparticles in certain regions, while the minimum values continue to decrease,
indicating areas where the nanoparticles are less concentrated. Despite these local
variations, the average nanoparticle concentration remains constant at the specified
value in each case, as expected due to the conservation of mass in the system.

4.2.2 The Single Phase Model Results

The single-phase model assumes that the concentration of nanoparticles is constant
over the entire domain. The only change to the CFD simulation is the inclusion of
the thermophysical properties of the nanofluid. Although the simplest option, such
models have been [35] and still are [36] commonly used among researchers. When
comparing Buongiorno’s mixture model with the single-phase approach using the
measured thermophysical properties of the nanofluid, the results show only negli-
gible differences in several key performance indicators. For the maximum tempera-
tures and the temperature difference AT between the cold and hot legs (Fig. 13),
both models show very similar predictions, with the results of the Buongiorno
model being slightly lower. This indicates that for these parameters, the inclusion of
additional transport phenomena such as Brownian motion and thermophoresis in the
Buongiorno model does not lead to significant deviations from the simpler single-
phase model.

The Buongiorno model also predicts slightly higher values for the mass flow
rates compared to the single-phase approach, but the differences are small, as shown
in Fig. 14a. This indicates that although the Buongiorno model accounts for more
complex interactions between the nanoparticles and the base fluid, these effects have
minimal impact on the overall flow properties under the conditions investigated.
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wl | o I
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Fig. 13 (a) Temperature in the pipe after the heater 7,,,, and (b) temperature difference AT between the
cold leg and hot leg for the case with constant temperature of 21°C at the cooled section for single-phase
model compared with results from Buongiorno’s mixture model
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Fig. 14 (a) Mass flow rate of the nanofluid inside the loop 2 (b) effectiveness € for the case with convec-
tive boundary condition at the cooled section for Buongiorno’s mixture model

With regard to the effectiveness of the heat exchanger (Fig. 14b), the Buongiorno
model predicts a slightly lower effectiveness at lower volume concentrations of nan-
oparticles compared to the single-phase model. However, as the nanoparticle con-
centration increases, the effectiveness predicted by the Buongiorno model becomes
slightly higher. These differences are also negligible, indicating that the additional
complexity introduced by the Buongiorno model does not significantly increase the
accuracy of the predictions in this context. Overall, the comparison shows that the
simpler single-phase approach provides results for the investigated conditions that
are very close to those of the more complex Buongiorno mixture model, indicating
that the additional computational effort for the latter is not always justified.

4.3 Convective Boundary Condition at the Cooler

Using Buongiorno’s mixture model with a convective boundary condition instead
of a constant temperature condition, we have tried to represent more accurately the
experimental setup in which cooling takes place via a cooling jacket through which
water with a temperature of 21°C circulates. With a higher heat input, the tempera-
ture in the cooling section could rise above 21°C, so that a constant temperature
boundary condition does not necessarily reflect the actual experimental condi-
tions. By applying a convective boundary condition, we have taken into account the
dynamic heat transfer between the nanofluid and the cooling medium so that the
model can more accurately reflect the variable cooling rates in the experiment. In
Fig. 15a, we see that the use of a convective boundary condition brings the maxi-
mum temperature predictions closer to the experimentally measured values, indi-
cating that this approach better captures the heat transfer behavior under varying
thermal loads. However, in Fig. 15b for the temperature difference (AT) between the
cold and hot legs, we can see that the differences are higher.

This adjustment also leads to slightly higher predictions for the mass flow rate
compared to the constant temperature boundary condition, as observed in Fig. 16a.
This could be due to more effective heat removal under the convective condition,
as the viscosity of the nanofluid decreases with temperature and thus the mass flow
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Fig. 15 (a) Temperature in the pipe after the heater 7,,, and (b) temperature difference AT between
the cold leg and hot leg for the case with convective boundary condition at the cooled section for Buon-
giorno’s mixture model
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Fig. 16 (a) Mass flow rate of the nanofluid inside the loop 7z and (b) effectiveness e for the case with con-
vective boundary condition at the cooled section for Buongiorno’s mixture model

rate increases. Despite this slight increase, the difference in mass flow rates remains
small, indicating that the convective boundary condition does not drastically change
the flow dynamics but improves the thermal predictions.

Regarding the effectiveness of the heat exchanger, we note in Fig. 16b that the
differences between the model predictions and the experimental results are more
pronounced when using a convective boundary condition.

4.4 Influence of the Particle Size dp on the Maximum and Minimum Local
Concentration

This section deals with the investigation of the influence of particle size on the
results. In our case, we analyzed the influence of nanoparticle size on the maximum
and minimum local concentration in the system and the maximum temperature in
the system. The comparison was performed for the case with constant temperature
boundary condition for two different concentrations (0.5 and 2 %) and a heat flow of
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Fig. 17 Maximum and minimum local concentration for heat flow rates of 10 and 50 W and different
particle sizes: (a) average nanoparticle concentration of 2% and (b) average nanoparticle concentration
of 0.5%

10 W and 50 W. In all cases, the difference between the maximum temperature for
each case (different d,) and the maximum temperature change is negligible, since
the maximum temperature in the system changes at the 4 decimal place. However,
the particle size affects the maximum and minimum local concentration in the sys-
tem. In Fig. 17, we see the maximum and minimum local concentrations. As we
can see, as the particle size increases, the maximum local concentration in the sys-
tem increases and the minimum local concentration decreases. The increase and
decrease are more pronounced when the particle size increases from 2.5 to 25 nm,
the further increase/decrease is less steep when the size is increased to 250 nm. The
local maximum concentration increases for all particle sizes considered when the
heat flow is increased; the same applies to the local minimum concentration.

5 Conclusion

In this paper, we have presented an implementation of the mixture model for the
simulation of flow and heat transfer in a nanofluid. The simulation results were com-
pared with experimental observations of heat transport phenomena in a natural cir-
culation mini loop. Several key findings were obtained.

When modeling the cooling jacket with a constant temperature boundary condi-
tion, the mixture model consistently underestimates the maximum temperature (7s)
compared to the experimental data. However, the model effectively captures the tem-
perature trend that increases with the concentration of nanoparticles. This increase
in nanoparticle concentration increases the viscosity, decreases the mass flow rate,
and increases the temperature difference (AT') between the cold and hot legs due to
increased flow resistance. The effectiveness of the heat exchanger improves with a
higher nanoparticle concentration, as the nanoparticles improve the thermal conduc-
tivity. However, increased viscous losses at higher concentrations reduce the overall
flow rate and efficiency. The distributions of temperature and nanoparticle concen-
tration show that the distribution remains more uniform at lower heat flow rates. As

@ Springer



International Journal of Thermophysics (2025) 46:40 Page250f28 40

the heat flow increases, stronger thermal gradients lead to larger concentration fluc-
tuations due to thermophoresis and Brownian motion.

Comparison of Buongiorno’s model with a simpler single-phase model shows
minimal differences in the prediction of maximum temperature and mass flow rate.
This indicates that the influence of the variable nanoparticle concentration in the
fluid due to Brownian motion and thermophoresis is small and the single-phase
model might be sufficient for similar nanofluids with low thermal enhancement of
the fluid properties.

When a convective boundary condition is applied at the cooling section, the pre-
dictions for the maximum temperature become more accurate and better reflect the
dynamic heat transfer observed in the experiments. Despite the improved tempera-
ture predictions, the changes in the flow dynamics remain minimal.

Finally, the effect of the size of the nanoparticles (dp) on the local concentration
distributions is also noteworthy. While the effect on the maximum temperature of
the system is negligible, smaller nanoparticles significantly influence the concentra-
tion distributions due to different thermophoretic forces, which are more pronounced
at higher heat flow rates.

To summarize, the overall thermal enhancement due to the altered fluid prop-
erties for this nanofluid is minimal. Both the Buongiorno mixture model and the
single-phase model provide similar predictions for the maximum temperature and
flow behavior. Despite the inclusion of Brownian motion and thermophoresis, the
Buongiorno model shows only a modest effect on heat transfer, suggesting that a
simpler single-phase model may be sufficient to capture the heat transfer dynamics
of this system.

Future extensions of this work will focus on broadening the scope of the
Euler—Euler model to different types of nanofluids and more complex flow regimes,
including turbulent and unsteady conditions. We also plan to extend the model to
account for advanced physical phenomena, such as particle aggregation, sedimen-
tation, and electrokinetic effects. We also plan to explore hybrid approaches that
combine Euler—Euler and Euler—Lagrange frameworks, which could provide a more
detailed representation of nanoparticle—fluid interactions. Finally, the incorporation
of machine learning techniques could optimize the prediction of nanofluid behavior,
reduce computational effort, and help optimize heat exchanger design.
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