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H I G H L I G H T S

• Analysis of forced heat transfer in an annulus using a homogeneous hybrid nanofluid with a cosine heat flux.
• Experimental design to study the effects of nanoparticle volume fraction and Reynolds number on heat transfer.
• Creation of correlations to predict the heat transfer behavior of the nanofluid.
• Potential for using nanofluids as an emergency core coolant.

A B S T R A C T

In this research, an empirical correlation is derived to determine the Nusselt number
for nanofluid forced convection flow in a vertical annulus with non-uniform heat flux.
The experiments investigate the heat transfer of a homogeneous combined nanofluid
composed of TiO2 and Al2O3 dispersed in water. Compared to other conventional fluids,
nanofluids exhibit better heat transfer performance due to higher conductivity and
reducing the thermal boundary layer. Nanofluids have the potential to function in an
emergency core cooling system. A 25-bar test loop with a vertical test section generating
non-uniform heat flux is used for the experiment. The tests are conducted at multiple
Reynolds numbers and volumetric concentrations of the nanofluid. A new correlation
for nanofluid heat performance is developed based on dimensional analysis and multiple
linear regression analysis. The Nusselt number derived from the developed correlation
shows high accuracy, with R2 = 0.92, indicating better performance compared to existing
correlations.
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Nomenclature
Cp specific heat (J.kg−1.K−1)
h heat transfer coefficient (W.m−2.K−1)
k thermal conductivity (W.m−1.K−1)
l length of heating rod (m)
Nu Nusselt number
P pressure (bar)
Q total heat generation (W)
Pr Prantle number
Re Reynolds number
R2 coefficient of determination
T temperature (◦C)
U uncertainty
V velocity (m.s−1)
µ viscosity (kg.s−1.m−1)
ρ density (kg.m−3)
φ volumetric concentration of nanofluid
∆Tm logarithmic mean temperature difference

Subscripts
bf base fluid
nf nanofluid
np nanoparticle

1 Introduction

A significant challenge in improving thermal performance
is the low heat transfer of typical working fluids (Borhani
et al., 2023; Sajid and Ali, 2019). Nanofluids, which con-
sist of nanoparticles (particles under 100 nm) dispersed in
a base fluid, show greater heat transfer capabilities com-
pared to typical fluids (Abbassi et al., 2014; Talebi et al.,
2022). The heat transfer capabilities in nanofluids make
them a promising option for application in emergency core
cooling systems (ECCS) in nuclear reactors (Chinchole
et al., 2019). The innovative study of Choi et al. (Choi
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Figure 1: Schematic and pictures of the experimental setup.

and Eastman, 1995) recommended nanofluids as working
fluids in thermal systems. Recent studies have demon-
strated the utilization of combined nanofluids, instead of
single nanofluid applications (Vallejo et al., 2022).

The better thermal characteristics of nanofluids are
attributed to different mechanisms, such as the rise in
thermal conductivity, the Brownian motion of particles,
and reducing the thermal boundary layer (Wang et al.,
2021; Borhani et al., 2024). Several studies have examined
the specific heat capacity, thermal conductivity, viscos-
ity, and heat transfer of nanofluids (Alklaibi et al., 2022;
Ataei et al., 2020; Chebbi, 2015; Esfe and Saedodin, 2014;
Huang et al., 2016; Hwang et al., 2007). Al2O3 and TiO2

nanoparticles are widely used in nanofluid research. Pak
et al. (Pak and Cho, 1998) focused on the heat transfer be-
haviors of dispersed fluids containing submicron metallic
oxide particles suspended in water. He et al. (He et al.,
2007) conducted an experimental study to measure the
heat transfer and pressure drop of water-TiO2 nanofluids
in both laminar and turbulent flows. Duangthongsuk et al.
(Duangthongsuk and Wongwises, 2009) observed the im-
pact of nanoparticles of TiO2 in a thermal exchanger and
discovered that adding a small amount of nanoparticles
increases pump work while also improving heat transfer
efficiency.

Various methods, including dimensional analysis, mul-
tivariate regression, symbolic regression with genetic al-
gorithms, or neural networks (Borhani et al., 2023), have
been utilized to establish correlations for determining
the thermal-hydraulic properties of nanofluids (Sánchez-
Escalona et al., 2022; Xuan and Roetzel, 2000).

In this study, a pressurized test facility with cosine heat
flux was employed. An ultrasonic stirrer was used to sta-
bilize homogeneous solutions of Al2O3 and TiO2 nanopar-
ticles (same volume) in water. The experiments were con-
ducted at multiple Reynolds numbers and nanofluids con-

centrations. An empirical correlation for Nusselt numbers
was developed to compare with other correlation equations
and experimental results. Dimensional analysis and mul-
tiple linear regression were utilized to obtain the Nusselt
number correlation. This research can be applied partic-
ularly to heat exchangers and ECCS system design.

2 Methodology and data analysis

2.1 Experimental model

The test loop in this study is a thermohydraulic loop with
a maximum pressure of 25 bars. This test facility includes
different components, such as pipes, a heat exchanger,
pumps, a cooling tower, a test section, and other mea-
surement and control instruments. Figure 1 presents a
schematic of the test facility.

The test section consists of an annulus with an inner
rod that produces a non-uniform heat flux of 1 kW (cosine
shape). The outer diameter of the heating rod is 33 mm,
the inner diameter of the casing is 55 mm, and the length
of the inner heating rod is 1 meter. The rod’s temper-
ature is monitored using 22 type K thermocouples fixed
to its surface, with the thermocouples linked to the data
collection system.

For the preparation of the nanofluid in this experiment,
an ultrasonic stirrer was employed. Initially, a homoge-
neous mixture of TiO2 and Al2O3 nanoparticles (same
volume) was added to water. To avoid the aggregation
or clustering of nanoparticles, the ultrasonic stirrer was
applied to the solution for 4 hours. The experiments were
performed at an inlet fluid temperature of 25 ◦C through-
out the tests. Nusselt numbers were derived from the
measured parameters under a variety of operational con-
ditions. A comprehensive summary of these conditions is
available in Table 1.
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Table 1: Information on the experimental conditions.

Parameter Value

Volumetric concentrations 0.25%, 0.5%, 0.75%, 1%, 1.5%
Reynolds numbers 1238, 1857, 2683, 3096, 4128
Inlet Pressure 5 bars
Inlet Temperature 25 ◦C
Heat generation 1 kW

Figure 2: The locations of thermocouples in the test section
(the test section is vertical).

Thermocouple locations are shown in Fig. 2. The
distance between each thermocouple is 10 cm. The ther-
mocouples were tightened and securely fixed in the test
section to ensure precise temperature measurements.

Before conducting the experiment, precise calibration
was performed on the measurement instruments, compris-
ing the flowmeter and thermocouples. The calibration of
the thermocouples was performed utilizing the water bath
technique, a method known for its reliability and preci-
sion in temperature measurement. In addition to this, a
calibrated reference flowmeter was employed to verify the
accuracy of the primary flowmeter used in the system.

2.2 Data analysis

The nanofluid exhibits Newtonian behavior at low concen-
trations (Rizwan et al., 2022). The volumetric concentra-
tion was used for the estimation of density and thermal
conductivity. The viscosity of the nanofluid (µnf ) and
thermal conductivity (knf ) were determined using cor-
relations. The viscosity of the nanofluid was calculated
based on the correlation equation proposed by Wang et
al. (Wang et al., 1999). Additionally, the equation de-
veloped by Timofeeva et al. (Timofeeva et al., 2007) was
used to determine the nanofluid’s thermal conductivity.
Equations (1) and (2) represent the viscosity and thermal
conductivity of the nanofluid, respectively. The volume
concentration (φ), nanofluid (nf), and base fluid (bf) are
used to represent the variables in the following equations.

µnf = µb(1 + 7.3 φ+ 123 φ2) (1)

knf = kb(1 + 3φ) (2)

The heat transfer coefficient (h) is computed using the fol-
lowing equations, based on the data obtained from ther-
mocouples, the geometric parameters of the test section,
and the heat generation within the test section (Wang
et al., 2020).

h =
Q

(πDrod l)∆Tm
(3)

∆Tm =
∆Tmax − ∆Tmin

ln

(
∆Tmax

∆Tmin

) (4)

where Q is the total heat generation in the test section,
l is the heat rod’s length and Drod is its diameter. re-
spectively, and ∆Tm is the logarithmic mean temperature
difference. This temperature difference is obtained using
the inner and outer fluid temperatures and the rod surface
temperature. ∆Tmax and ∆Tmin are calculated as follows:

∆Tmax =
1

5

5∑

i=1

Trod i − Tnf in (5)

∆Tmin =
1

5

10∑

i=6

Trod i − Tnf out (6)

The values for the Nusselt number and Prandtl num-
ber are obtained using Eqs. (7) and (8). Heat transfer is
computed as the basis of the energy equation, bulk tem-
perature, and rod surface temperature.

N̄u =
hD

knf
(7)

Pr =
µnfCnf

knf
(8)

In this experiment, an uncertainty analysis was per-
formed for each parameter, and calculated based on sen-
sor accuracy and calibration error for various parameters.
Equation (9) shows the law of uncertainty propagation,
which calculates the overall uncertainty based on the un-
certainties of the individual contributing variables.

Uf =

√√√√
n∑

i=1

( ∂f
∂xi

Uxi

)2
(9)

The uncertainty for the Nusselt number is calculated
based on Fig. 3. In this experiment, the uncertainty of
the Nusselt number is approximately 4.3%.

In the initial design of the experiment, test loop pres-
sure was considered. However, the effects of this param-
eter were found to be negligible. The most significant
factors influencing the Nusselt number were identified as
the mass flow rate and the concentration of the nanofluid.
Each experiment was also repeated three times, and the
average value was chosen for the calculations.

Figure 3: Uncertainty propagation to calculate the uncer-
tainty of Nusselt number.
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Figure 4: Experimental Nusselt numbers at diverse Reynolds
numbers and concentrations.

Figure 5: Comparison of the correlations and experimental
Nusselt numbers for 1% nanofluid.

2.3 Correlation development

Correlation can be achieved through the use of dimen-
sional analysis, which simplifies the problem and expresses
it in a more straightforward physical relationship. A di-
mensionless group is needed to calculate heat transfer for
different states. The equation can be written as follows:

h = f(ρµ cpK V Dφ) (10)

For the nanofluid, the thermal properties are calculated
at bulk temperature. The equation is modified using Di-
mensional Analysis and Buckingham’s Pi method into the
following format:

Nu = f(RePr φ) (11)

For the nanofluid, the thermal properties are calcu-
lated at bulk temperature. The equation is modified using

dimensional analysis and Buckingham’s Pi method into
the following format:

Nu = aReb Prc (1 + φ)d (12)

The coefficient of determination, referred to as R2,
shows the variation in the dependent variable that can
be anticipated based on the independent variables.

R2 = 1 −
∑

(yi − fi)
2

∑
(yi − ȳ)2

(13)

In the R2 formula, yi represents the observed values, fi
denotes the predicted values, and ȳ indicates the mean
of the observed values. The coefficients of a, b, c, and d
were calculated using the multiple linear regression anal-
ysis method based on the data obtained from the experi-
ments conducted with Python. This method is used to in-
vestigate how a dependent variable relates to two or more
independent variables. To find the coefficients of a power
relationship using linear regression, the data was trans-
formed using logarithms, which made the format of the
formula linear. This is shown in Eq. (14):

ln(Nu) = ln(a) + b, ln(Re) + c, ln(Pr) +d, ln(1 + φ) (14)

The model can be formulated in a matrix structure.

y = Xβ + ε (15)

In the above equation, y represents the dependent vari-
able, X is a matrix containing the independent variables, β
is the coefficients vector, and ε represents the error terms.
The method for estimating the coefficients β is Ordinary
Least Squares, defined as:

RSS =

n∑

i=1

(yi − yp) (16)

yp is the predicted value from the regression model. Linear
regression aims to determine the line of best fit that min-
imizes the sum of the squared deviations between the ac-
tual data points and the values anticipated by the model.
The coefficients and the value of R2 (coefficient of deter-
mination) are presented in Table 2.

Table 2: Calculated coefficients and R2.

a b c d R2

0.42 0.32 0.7 0.95 0.92

3 Results and Discussion

The Nusselt numbers for nanofluids were determined using
the equations presented in the data analysis section. Fig-
ure 4 illustrates experimental Nusselt numbers for various
Reynolds numbers and nanoparticle concentrations. The
graph shows a noticeable increase in the Nusselt number
with higher Reynolds numbers or volumetric concentra-
tions. For the 1% nanofluid at a Reynolds number of 1238,
the Nusselt number is enhanced by around 40% compared
to pure water. At a Reynolds number of 4218, the Nusselt
number rises by nearly 27% compared to pure water at
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the same Reynolds number. These findings show that the
heat transfer characteristics of the nanofluid is better at
lower Reynolds numbers.

The Correlations developed by Pak et al. (Pak and
Cho, 1998) and Duangthongsuk et al. (Duangthongsuk
and Wongwises, 2009) have R2 of 0.70 and 0.75 for the
same concentration and Reynolds number. Figure 5 com-
pares these correlations with experimental data for the 1%
nanofluid.

Figure 6 demonstrates the comparison between the
predicted Nusselt numbers from developed correlation and
experimental Nusselt numbers. It shows that correlation
can predict Nusselt number accurately. The R2 value for
the developed correlation in the presented research is 0.92.

Figure 6: Predicted Nusselt numbers versus experimental
Nusselt numbers.

4 Conclusions

This study examines the heat transfer characteristics of
a combined nanofluid consisting of suspended Al2O3 and
TiO2 dispersed in water. An experimental investigation
was conducted using a pressurized test facility with a test
section that produces a non-uniform heat flux. The ex-
periment examined the influence of nanoparticle volume
fraction and Reynolds numbers on the Nusselt number.
The results show that with higher Reynolds numbers and
nanofluid concentrations, the Nusselt number improves
significantly. The effect of adding nanofluid for heat trans-
fer improvement is much greater at lower Reynolds num-
bers than at higher Reynolds numbers.

Based on the conducted experiment, a novel correla-
tion for predicting Nusselt numbers was developed using
multiple linear regression, which showed an accurate per-
formance with an R2 value of 0.92. The comparison of the
experimental Nusselt number with other correlations and
the developed correlation indicates that the new correla-
tion performs better.

Conflict of Interest

The authors declare no potential conflict of interest re-
garding the publication of this work.

References

Abbassi, Y., Talebi, M., Shirani, A. S., et al. (2014). Ex-
perimental investigation of TiO2/Water nanofluid effects on
heat transfer characteristics of a vertical annulus with non-
uniform heat flux in non-radiation environment. Annals of
Nuclear Energy, 69:7–13.

Alklaibi, A., Sundar, L. S., and Mouli, K. V. C. (2022). Ex-
perimental investigation on the performance of hybrid Fe3O4
coated MWCNT/Water nanofluid as a coolant of a Plate
heat exchanger. International Journal of Thermal Sciences,
171:107249.

Ataei, M., Sadegh Moghanlou, F., Noorzadeh, S., et al.
(2020). Heat transfer and flow characteristics of hybrid
Al2O3/TiO2–water nanofluid in a minichannel heat sink.
Heat and Mass Transfer, 56:2757–2767.

Borhani, M. A., Shirani, A. S., Talebi, M., et al. (2023). Com-
parative investigation of nanofluid heat transfer in vertical
annular channel with cosine heat flux by experimental and
numerical methods. Journal of Solid and Fluid Mechanics,
13(4):147–158.

Borhani, M. A., Shirani, A. S., Talebi, M., et al. (2024). Heat
transfer evaluation of combined nanofluids in vertical annu-
lus: An experimental and artificial neural network approach.
Progress in Nuclear Energy, 175:105339.

Chebbi, R. (2015). Thermal conductivity of nanofluids: Ef-
fect of Brownian motion of nanoparticles. AIChE Journal,
61(7):2368–2369.

Chinchole, A., Dasgupta, A., Kulkarni, P., et al. (2019). Ex-
ploring the use of alumina nanofluid as emergency coolant for
nuclear fuel bundle. Journal of Thermal Science and Engi-
neering Applications, 11(2):021007.

Choi, S. U. and Eastman, J. A. (1995). Enhancing thermal
conductivity of fluids with nanoparticles. Technical report,
Argonne National Lab.(ANL), Argonne, IL (United States).

Duangthongsuk, W. and Wongwises, S. (2009). Heat transfer
enhancement and pressure drop characteristics of TiO2–water
nanofluid in a double-tube counter flow heat exchanger. In-
ternational Journal of Heat and Mass Transfer, 52(7-8):2059–
2067.

Esfe, M. H. and Saedodin, S. (2014). An experimental investi-
gation and new correlation of viscosity of ZnO–EG nanofluid
at various temperatures and different solid volume fractions.
Experimental Thermal and Fluid Science, 55:1–5.

He, Y., Jin, Y., Chen, H., et al. (2007). Heat transfer and
flow behaviour of aqueous suspensions of TiO2 nanoparticles
(nanofluids) flowing upward through a vertical pipe. Inter-
national Journal of Heat and Mass Transfer, 50(11-12):2272–
2281.

Huang, D., Wu, Z., and Sunden, B. (2016). Effects of hy-
brid nanofluid mixture in plate heat exchangers. Experimental
Thermal and Fluid Science, 72:190–196.

5



M. A. Borhani et al. Radiation Physics and Engineering 2025; 6(2):1–6

Hwang, Y.-j., Lee, J., Lee, C., et al. (2007). Stability and ther-
mal conductivity characteristics of nanofluids. Thermochim-
ica Acta, 455(1-2):70–74.

Pak, B. C. and Cho, Y. I. (1998). Hydrodynamic and heat
transfer study of dispersed fluids with submicron metallic ox-
ide particles. Experimental Heat Transfer an International
Journal, 11(2):151–170.

Rizwan, M., Hassan, M., Makinde, O. D., et al. (2022). Rhe-
ological modeling of metallic oxide nanoparticles containing
non-newtonian nanofluids and potential investigation of heat
and mass flow characteristics. Nanomaterials, 12(7):1237.

Sajid, M. U. and Ali, H. M. (2019). Recent advances in appli-
cation of nanofluids in heat transfer devices: a critical review.
Renewable and Sustainable Energy Reviews, 103:556–592.

Sánchez-Escalona, A. A., Camaraza-Medina, Y., Góngora-
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